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1  

Chapter 1 

Introduction  

 

Topic 

This thesis addresses the reconstruction of the topographic evolution and the climate 

dynamics of the Early Cenozoic North American Cordillera through integrated 

geochronology, sedimentology, stable isotope, and clumped isotope thermometry studies. 

It encompasses the scientific disciplines of geochemistry, tectonics, and Earth surface 

processes. 

Inhalt  

Diese Dissertationsschrift thematisiert die Rekonstruktion von Topographie und Klima 

des nordamerikanischen Kordillerengebirges während des frühen Känozoikums mittels 

der Integration von geochronologischen, sedimentologischen und geochemischen (stabile 

Isotope und „clumped isotopes“) Studien. Dies umfasst die wissenschaftlichen Dis-

ziplinen Geochemie, Tektonik und Erdoberflächenprozesse. 

 

 



 

2 Chapter 1. Introduction 

1. Significance 

Studying precipitation patterns is an important issue in climate science. Knowing when, 

where and how much rainfall occurs is crucial for groundwater and surface water 

recharge, maintenance of drinking water, risk assessment, and agriculture. For instance, 

precipitation-related hazards such as storms, floods and mass movements constitute 85% 

of weather, climate and water-related disasters recorded from 1970 to 2010, causing about 

1.09 million deaths and 2032 billion US$ total economic losses (WMO, 2014). This 

compilation likely even underestimates the impact of landslides (Petley, 2012) as the 

global pattern of fatal landfalls follows continental-scale weather (precipitation) contours 

and mostly affects developing countries (along the Himalayas and in China). The lack of 

sufficient precipitation, in contrast, repeatedly initiates climatological disasters, such as 

droughts, wildfires, and temperature extremes (WMO, 2014). Severe drought conditions 

can heavily affect carbon uptake by vegetation (e.g., Gatti et al., 2014) and force biome 

changes (e.g., Allen et al., 2010; Vicente-Serrano et al., 2013), both altering the terrestrial 

(and global) carbon cycle. Climate change and associated changes in the hydrological 

cycle (e.g., Held and Soden, 2006; Marvel and Bonfils, 2013) will also influence present-

day food production, land use and migration dynamics (e.g., Field et al., 2014). This 

indicates how severely climate conditions can affect our daily lives and how important 

the study of future climate change and of changes in the hydrological cycle is. We need 

information for climate predictions, to calibrate models, and to assess biodiversity, 

environmental, and climatological changes.  

The impact of topography on atmospheric circulation and precipitation patterns and 

climate is a challenging yet important part in climate science. Topography exerts first-

order control on precipitation patterns, for example when orographic barriers divert or 

block atmospheric circulation trajectories and/or introduce orographic precipitation on the 

windward and rain shadow conditions on the leeward side of mountain ranges. Similarly, 

development and demise of plateau regions influence global atmospheric circulation 

patterns on time-scales even longer than orbital forcing (e.g., Ruddiman and Kutzbach, 

1989; Broccoli and Manabe, 1992). At the same time, topography is a first-order 

expression of geodynamic processes that shape the Earth’s surface and remains a key 

element in reconstructing the dynamics of mountain building processes. Thus, 

understanding the topographic evolution of the world’s major orogens remains one of the 

most important questions when discussing the interactions among tectonics, climate, and 

Earth surface processes (e.g., Ruddiman and Kutzbach, 1989; Molnar and England, 1990; 

Raymo and Ruddiman, 1992; Zeitler et al., 2001) and paleotopography and paleoaltimetry 



 

 

3 2. State of the Art 

studies become increasingly important for this purpose (e.g., Sewall et al., 2000; 

Chamberlain et al., 2012).  

In this thesis, I focus on the spatial and temporal development of topography and 

relief in the western North American Cordillera during the early Cenozoic and how 

changes in the topography may have affected climatic patterns and vice versa. For this 

purpose I conduct stable isotope-based paleoaltimetry and paleoenvironmental studies, 

which allow the spatial and temporal resolution to resolve geodynamic processes that 

underlie topographic changes. I am likewise interested in the climatic history of western 

North America in order to extent our knowledge about past continental climate conditions 

and to distinguish (paleo)climatic from tectonic signals in our stable isotope records. 

Given the need to predict future climate scenarios, it is essential to refine our 

understanding of past rainfall distribution and amounts and how they were controlled by 

topographic evolution of mountain ranges under elevated pCO2 levels and temperatures. 

2. State of the Art  

2.1. Geological setting - brief history of the North America Cordillera 

The North American Cordillera (NAC) stretches ~6000 km from Alaska and the 

Canadian Arctic to central-southern Mexico and is on average 200 km wide with a 

maximum width of ~1000 km in the western US interior, narrowing towards the northern 

and southern edges (e.g., DeCelles, 2004). The North American Cordillera comprises, 

from west to east, the (1) accretionary belt, (2) Cordilleran magmatic arc/batholith belt 

(Coast Mountains of SE Alaska and British Columbia, Sierra Nevada, and Peninsular 

Ranges), (3) retroarc hinterland, (4) Omineca (north) and Sevier (central and south) fold-

thrust belt, (5) Laramide foreland province (including Laramide structures and foreland 

basins) (Fig. 1; e.g., DeCelles, 2004). The Cordilleran orogeny, comprising terrane 

accretion, large-scale thrusting and folding, extensive magmatism, metamorphism and 

formation of large foreland basins, resulted from protracted subduction of oceanic 

lithosphere beneath the North American continent from the Middle to Late Jurassic until 

Eocene times (e.g., Coney and Evenchick, 1994; DeCelles, 2004). Since the Late Jurassic 

the Farallon-North America subduction system was established and crustal shortening and 

thickening commenced in the western United States (DeCelles, 2004; Dickinson, 2004), 

resulting in the development of the Early Sevier fold-thrust belt and foreland basins (e.g., 

Armstrong, 1968). This was accompanied by a first phase of major Cordilleran arc 

magmatism from Middle Jurassic to Early Cretaceous that became translocated to the east 

by Late Jurassic time (Coney and Evenchick, 1994; DeCelles, 2004; DeCelles and 

Graham, 2015). During the Late Cretaceous the continental crust beneath the NAC was 
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thickened to about 55-70 km (Whitney et al., 2004; DeCelles, 2004; DeCelles and 

Coogan, 2006; Chapman et al., 2015) and it has been proposed that lower crustal flow 

supported crustal thickening of the broad region of the NAC (McQuarrie and Chase, 

2000; Whitney et al., 2004). Cordilleran arc magmatism renewed with large plutonic 

events (Penninsular Belt, Sierra Nevada, Idaho) during the Late Cretaceous, whereas 

magmatism diminished in many regions of NAC during the Paleogene (e.g., Whitney et 

al., 2004; DeCelles and Graham, 2015). Only in the northern part of the NAC (SE Alaska, 

British Columbia and Washington) magmatism occurred episodically between ~90 to 45 

Ma (e.g., Miller et al., 1989). Flat subduction of the Farallon Plate caused eastward 

propagation of Sevier thrust fronts, expansion of the foreland basins and development of 

foreland uplifts during the Laramide orogeny (~80 – 40 Ma) in the central Cordillera 

(e.g., Bird, 1988; DeCelles, 2004). In the Pacific Northwest, plate boundary dynamics 

changed from arc-normal contraction to transpression and transtension due to northward 

oblique convergence of the Kula plate, which resulted in dextral strike-slip and thrust 

faulting starting at about ~85 Ma (e.g., Paterson et al., 2004; Umhoefer and Miller, 1996).  

After this main consolidation of the NAC, contractional processes diminished in mid-

Cenozoic times and the Cordilleran orogen was subsequently modified by extensional and 

transtensional phases since the Eocene (e.g., Armstrong, 1968; Coney and Evenchick, 

1994; Constenius, 1996; Dickinson, 2002). Beginning in the early Eocene, the North 

American Cordillera underwent north to south sweeping extension at various levels of the 

crust with basin formation, formation of metamorphic core complexes, and magmatism in 

the US interior (e.g., Armstrong, 1982; Sonder and Jones, 1999; Dickinson, 2002). 

Eocene extensional processes in the northwestern US were dominated by (1) dextral 

faulting and extension (e.g., Miller and Bowring, 1990; Umhoefer and Miller, 1996), 

leading to basin development in the North Cascades region during the Paleogene 

(Johnson, 1985; Heller et al., 1987) and (2) extensional reactivation of thrusts leading to 

basin development in the Sevier hinterland (~ Montana, Idaho, Utah; e.g., Constenius, 

1996; Rasmussen, 2003). South of the Snake River Plain (c.f., Fig. 1), extensional 

processes referred to as Basin and Range extension are mainly of Oligocene to Miocene 

age and characterized by normal high-angle faulting and detachment formation (e.g., 

Armstrong, 1982; Dickinson, 2002), whereby earlier phases of Cenozoic extension are 

increasingly reported (e.g., Vogl et al., 2012; Wong et al., 2013; Gébelin et al., 2015; 

Chapter 4/Methner et al., 2015). From the plate tectonic view on the Pacific margin, a 

transform margin formed after the Mendocino Triple Junction on East Pacific Rise 

intercepted North America and expanded throughout the Neogene. North and south of the 

Pacific transform margin subduction of the Juan de Fuca and Rivera/Cocos plates, 

respectively, continues until today (e.g., Sonder and Jones, 1999).  
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2.2. Stable isotope-based paleoaltimetry 

The long history of convergent plate margins along the west coast of the North American 

continent, together with changes in internal and external driving forces of extension 

(Sonder and Jones, 1999), resulted in growth and decay of mountain ranges and plateau 

regions in the NAC throughout the Cenozoic. A primary expression of these mantle- and 

crustal-scale processes is surface elevation change, which needs to be constrained in order 

to investigate the interaction of tectonic deformation, mountain uplift and surface process 

(e.g., Blisniuk and Stern, 2005). Thus, a variety of methods have been applied over the 

last decades to reconstruct paleoaltimetry of mountain ranges, including studies of basalt 

vesicles (e.g., Sahagian and Maus, 1994), stomata density (e.g., McElwain, 2004), 

thermochronology (e.g., Reiners et al., 2002), cosmogenic isotopes (e.g., Brook et al., 

1995; Blard et al., 2005), structural and stratigraphical relationships (e.g., Keefer, 1970), 

geomorphology (e.g., Clark et al., 2005), plant leaf physiognomy (e.g., Axelrod, 1968; 

Wolfe et al., 1998; Forest et al., 1999), clumped isotopes (e.g., Ghosh et al., 2006b), and 

stable isotopes of fossils and authigenic minerals (see ref. below and in Kohn and 

Dettman, 2007; Mulch and Chamberlain, 2007; Quade et al., 2007; Rowley and Garzione, 

2007). Although, mostly paleobotanical and stable isotope studies allow the spatial and 

temporal resolution to resolve geodynamic processes that underlie topographic changes. 

Stable isotope paleoaltimetry is based on the systematic decrease of heavy isotopes in 

precipitation (18O and 2H) with increasing elevation. As moisture carrying air masses 

ascend upslope, adiabatic cooling forces condensation, during which 18O and 2H 

preferentially enter the liquid phase and thus leave cloud vapor via precipitation. This 

results in the progressive decrease of oxygen and hydrogen isotopic ratios (typically 

displayed in delta notation as δ18O and δ2H) of the residual cloud vapor as well as of the 

subsequent precipitation, which is largely controlled by Rayleigh fractionation during 

distillation of an air mass (Dansgaard, 1964; Eriksson, 1965; Ambach et al., 1968; 

Siegenthaler and Oeschger, 1980; Rowley et al., 2001; Rowley and Garzione, 2007). This 

change of δ18O in precipitation (δ18Oppt) with elevation globally averages at -0.28 ‰ / 100 

m (global isotopic lapse rates for 0-70° latitude and elevations <5000 m; Poage and 

Chamberlain, 2001). Thus, if such systematic changes in δ18O and δ2H due to elevation 

change are archived in the geological record (i.e., in authigenic or hydrous minerals), the 

empirically and theoretically determined isotopic lapse rates allow reconstruction of past 

elevations (Blisniuk and Stern, 2005).  

A major effect of topography is the introduction of “orographic precipitation” on the 

windward flanks of many orogens through upward deflection and cooling of air masses, 

which results in rainout on the windward and little precipitation on the leeward site of the 

mountain range, creating an “orographic rain shadow” (Roe, 2005). Prominent examples 
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for this are the Cascade Range (Siler et al., 2012) and the northern Sierra Nevada 

(Ingraham and Taylor, 1991), where present-day topography interferes with Pacific-

derived air masses and focuses precipitation along the western flanks while enforcing a 

strong orographic rain shadow and dry climate conditions in the eastern continental 

interior (Ingraham and Taylor, 1991). Due to the above described effect of (near) 

Rayleigh distillation, orographic precipitation gets progressively depleted in δ18O and δ2H 

while rising up-slope (e.g., Ingraham and Taylor, 1991; Garzione et al., 2000; Poage and 

Chamberlain, 2001; Schemmel et al., 2013), resulting in steep isotope gradients on the 

west-side of Sierra Nevada and Washington Cascades (Ingraham and Taylor, 1991; 

Kendall and Coplen, 2001; Blisniuk and Stern, 2005; Dutton et al., 2005).  

In general, the distribution patterns of isotopic compositions of modern rainfall across the 

western US show the combined effects of topography, temperature, water vapor 

recycling, and moisture source (Kendall and Coplen, 2001; Dutton et al., 2005), because 

growing or decaying topography and elevation change are by far not the only factors 

controlling δ18Oppt and δ2Hppt systematics. Scaling parameters of isotopic compositions in 

precipitation along mountain ranges are moisture sources, air mass 

trajectories/atmospheric circulation patterns (including travelling distance from source 

region (continental effect)), air mass mixing, rainfall amounts (where convective rainfall 

dominates, i.e., in monsoonal systems), seasonality, water recycling/evaporation (either 

from ground or from below the cloud base), as well as global/regional terrestrial and sea-

surface temperatures (e.g., Craig, 1961; Dansgaard, 1964; Araguás-Araguás et al., 1996; 

Winnick et al., 2014; see also review of Blisniuk and Stern, 2005). This short listing of 

many contributing effects on stable isotopes in precipitation implies the need to carefully 

disentangle the interplaying factors that may obscure the altitudinal signal in stable 

isotope records. For instance, isotope-tracking models indicate that surface uplift, 

orographic broadening, climate change or changing fractions of meteoric precipitation 

(convective rainfall, water recycling, moisture source) can equally be responsible of large 

isotopic gradients along mountain ranges (e.g., Ehlers and Poulsen, 2009; Galewsky, 

2009; Molnar, 2010). Nevertheless, stable isotope-based paleoaltimetry has been 

successfully applied to a wide variety of settings, proxy materials and epochs, providing a 

robust tool to reconstruct paleoelevation of mountain ranges if the isotopic composition of 

orographic precipitation is preserved in the geological record and the compounding 

effects of topography, climate, and atmospheric circulation on stable isotopes in 

precipitation can be adequately assessed (e.g., Garzione et al., 2000, 2008; Mulch et al., 

2004; Quade et al., 2007; Rowley and Garzione, 2007; Campani et al., 2012; Gébelin et 

al., 2013; Mulch, in rev.). 
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2.3. Stable isotope paleoaltimetry studies and hypotheses about paleotopographic 

configuration of the Early Cenozoic North American Cordillera 

Stable isotope-based studies of past precipitation, climate and topography of the western 

US vary in their temporal and spatial resolution. Numerous studies show long-term 

changes in δ18Oppt or δ2Hppt across the NAC during the Early Cenozoic, which likely 

reflect large-scale rearrangements of the hydrological cycle and atmospheric circulation 

patterns associated with changes in topography (e.g., Horton et al., 2004; Mix et al., 2011; 

Chamberlain et al., 2012; Fan and Carrapa, 2014; Fan et al., 2014a, 2014b). The inferred 

surface uplift (and topographic development) migrated southward from British Columbia 

and eastern Washington at ~50 Ma to northeastern Nevada at ~40 to 38 Ma and southern 

Nevada at ~23 Ma, reflecting a major north to south reorganization of topography, 

referred as to the SouthWard Encroachment of an Eocene Plateau (SWEEP model of Mix 

et al., 2011; Fig. 2A). This may have resulted in a 3-4 km high Eocene highland with 

either a low relief, or one with a more rugged topography with a hypsometric mean of ~4 

km (Mix et al., 2011). The presence of high elevations in western North America during 

much of the Eocene is indicated by paleobotanical (e.g., Axelrod, 1968; Chase et al., 

1998; Wolfe et al., 1998) and stable isotope paleoaltimetry data (e.g., Horton et al., 2004; 

Mulch et al., 2004, 2007; Sjostrom et al., 2006; Fan and Dettman, 2009; Hren et al., 2010; 

Huntington et al., 2010; Mix et al., 2011; Chamberlain et al., 2012; Gébelin et al., 2012; 

Lechler et al., 2013; Cassel et al., 2014; Fan et al., 2014a) and supported by (isotope-

tracking) climate modeling studies (Sewall and Sloan, 2006; Feng et al., 2013). In 

contrast, other stable isotope studies show short-term changes in δ18O in precipitation 

records, which can be extremely rapid (<100 ka to < 2 Ma) and large (as much as 6-8 ‰) 

(Carroll et al., 2008; Kent-Corson et al., 2010; Chapter 3/Mulch et al., 2015), and 

therefore cannot be explained by surface elevation changes alone, but call for profound 

changes in climatic, drainage and/or atmospheric circulation patterns. Indeed, these 

studies suggested that major reorganizations of atmospheric circulation and drainage 

patterns were associated with the build-up of (dynamic) topography that crossed critical 

threshold conditions and by this introduced abrupt changes in lake and soil hydrology 

(Carroll et al., 2008; Davis et al., 2008, 2009; Kent-Corson et al., 2010; Mulch et al., 

2015). For instance, the rapid and large shift in δ18O of the Elko lake basin (Nevada) has 

been interpreted to reflect changes in moisture source and moisture transport pathways 

from a predominantly westerly-derived sources to more continental and southerly/south-

easterly sources (and a pronounced monsoonal system), instantaneously lowering δ18O in 

precipitation as the regional surface elevation crossed threshold conditions to affect 

atmospheric circulation over western North America (Chapter 3/Mulch et al., 2015).  
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Early Cenozoic NAC topography reorganization was accompanied by magmatism, 

formation of metamorphic core complexes, mid-crustal extension, and basin formation 

(e.g., Armstrong, 1982; Coney and Evenchick, 1994; Janecke, 1994; M'Gonigle and 

Dalrymple, 1996; Constenius, 1996; Teyssier et al., 2005; Henry, 2008). Collectively, 

these observations and stable isotope-based paleoaltimetry results suggest mantle-

processes as the underlying geodynamic processes for the inferred Early to Middle 

Eocene surface uplift (Fig. 2A) (Mix et al., 2011; Chamberlain et al., 2012). Possible 

mechanism are the removal of Farallon slab beneath western North America at the end of 

the Laramide orogeny (~40 Ma) either by buckling, double-sided delamination, double-

sided slab rollback, or single-sided down-welling of older parts of the slab (Humphreys, 

1995) in combination with (passive) mantle upwelling (i.e., as a result of the sinking of 

the Farallon slab) (Bird, 1988; Humphreys, 1995), establishment of a slab window 

(Thorkelson and Taylor, 1989; Madsen et al., 2006), hydration of the North American 

mantle lithosphere (Humphreys et al. 2003) and/or lower crust (Jones et al., 2015), and 

active mantle upwelling (Moucha et al., 2008). The above described model of Eocene 

surface uplift (SWEEP model) differs in mode and substantially in its timing from a 

model describing the decay of a Late Cretaceous plateau in the hinterland of the NAC, 

referred to as the “Nevadaplano” (DeCelles, 2004). In this model crustal thickening 

during the Sevier orogeny peaked in Late Cretaceous time and, due to isostatic 

compensation of thick continental crust, resulted in a Late Cretaceous to early Paleogene 

low-relief high-elevation plateau behind the Sierran arc (Fig. 2B; DeCelles, 2004). Due to 

changes in plate boundary conditions, compressional forces stopped and the 

overthickened crust became instable, resulting in gravitational collapse and extensional 

forcing during the Cenozoic (e.g., Coney and Harms, 1984; Malavieille and Taboada, 

1991; DeCelles, 2004; Teyssier et al., 2005; Ernst, 2009). This in turn should result in a 

net surface lowering with or without relief development. In case of relief increase and 

contemporaneous reduction of mean elevation as a high plateau collapsed (Molnar and 

England, 1990), diachronous and rapid isotopic shifts (Horton et al., 2004; Kent-Corson 

et al., 2010), previously assigned to drainage reorganizations driven by surface uplift, 

may instead result from capture of precipitation of a different moisture source by high 

peaks, as today observed at Yellowstone (Chamberlain et al., 2012). Finally, there are 

models that call for a combination of these two end-member cases, suggesting that 

buoyancy forces both within a pre-thickened lithosphere and changes in forces at the base 

of the lithosphere as a result of removal of mantle lithosphere determined the decay of a 

NAC plateau (Sonder and Jones, 1999). 

In summary, most stable isotope-based paleoaltimetry studies suggest an elevation gain at 

ca. 50-48 Ma in the northern Cordillera (British Columbia/Washington) and around 40-38 

Ma in the central Cordillera (Utah, Nevada) rather than elevation loss after cessation of 
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crustal shortening during the Paleocene due to the occurrence of low δ18O precipitation 

records. However, the Paleogene climate strongly differed from today, maybe altering 

climatic patterns in unexpected ways (e.g., changes in sea surface temperatures in the 

source area (Blisniuk and Stern, 2005)). Also, changes in relief might play a more 

important role for δ18Oppt systematics than net surface uplift in some regions by 

interfering with isotopically different air masses (e.g., Chamberlain et al., 2012) or by 

introducing or removing rain shadows effects. Therefore, we intend to better distinguish 

(paleo-)climatic signals from tectonic signals and to better understand the spatial and 

temporal development of Eocene topography in the North American Cordillera and its 

interactions with Eocene greenhouse climatic conditions across the western United States.  

3. Objectives 

Long-term changes in stable isotopes in precipitation are important observations to 

deduce surface elevation changes (driven by tectonics) and disentangle tectonic and 

climatic influences on stable isotope systematics in the hydrological cycle (Chamberlain 

et al., 2012). Time-binned oxygen isotope in precipitation maps of the western US have 

been proven reliable to assess surface elevation changes and large-scale rearrangements 

of the hydrological cycle over the NAC. They form the basis for the SWEEP model of the 

Eocene plateau development in the Sevier hinterland (Mix et al., 2011; Chamberlain et 

al., 2012). The location of the western plateau margin in the Pacific Northwest, however, 

is still poorly constrained. A proto-Cascade range might have been the “western edge” of 

a Cordilleran plateau or alternatively, represented arc-related topography above the 

Pacific subduction system. Therefore, we intend to extent the coverage of δ18Oppt maps 

for the Paleocene-Eocene time interval in order to constrain the W-E extent of an Eocene 

plateau and further evaluate the different hypotheses of Early Cenozoic topographic 

configuration of the NAC, including (1) the rise of dynamic topography from a low relief 

moderately high plateau to one of higher elevation (Humphreys, 1995; Chamberlain et al., 

2012) and (2) the collapse of a low relief, high elevation plateau to one with higher relief, 

but a lower mean elevation (Molnar and England, 1990; DeCelles, 2004). Therefore, 

Paleogene stable isotope paleoaltimetry records from the Pacific Northwest will 

substantially contribute to our understanding of Early Cenozoic patterns of surface uplift 

and relief development in the North American Cordillera. 

In addition, it has been suggested that oxygen isotope records in already arid regions, 

such as modern high plateaus, possibly don’t change during regional surface uplift due to 

the interplay of mountain uplift and aridification creating opposing effects on the δ18O 

record (Blisniuk and Stern, 2005; Caves et al., 2014). Thus, sampling locations upstream 

of arid regions, i.e., upstream of the air mass trajectories, might become more important 



 

10 Chapter 1. Introduction 

for arid to semi-arid plateau climates, especially since recycling of moisture can play a 

significant role for continental precipitation (e.g., Winnick et al., 2014). Therefore, we 

sampled a longitudinal transect parallel to the large-scale air mass trajectories at ca. 45°N, 

spanning the Washington Cascades to central/southwestern Montana, in order to track 

Early Cenozoic western-derived air masses from the Pacific Ocean (Fig. 3). This 

approach allows a direct coast-continent comparison of the isotopic composition of 

rainfall as basis of paleoaltimetry reconstructions and helps to track changes in 

continentality (changes in δ18O as an air mass travels over land masses) and the influence 

of the Cascades/Costal Mountains on inland precipitation patterns during the Early 

Cenozoic.  

We sampled geological archives of Paleogene age, but especially aimed for middle 

Eocene (~40 Ma) records because: (1) large isotopic shifts have been observed previously 

in other western US basins (e.g., Elko Basin, Nevada; Horton et al., 2004; Mulch et al., 

2015), (2) tectonic transitions in the NAC occurred at the end of the Laramide orogeny 

(e.g., Coney, 1972), and (3) global climatic perturbations emerged, manifested in the 

Middle Eocene Climatic Optimum (MECO; e.g., Bohaty and Zachos, 2003; Sluijs et al., 

2012; Zachos et al., 2008). Identifying such global temperature excursions in an isotopic 

record may allow to distinguish between a “background climate” state and “MECO 

climate” characteristics and to relate changes in the terrestrial isotopic record to either 

changes in global/regional temperature or to changes in the hydrological 

cycle/atmospheric circulation patterns (possibly ultimately driven by temperature 

change).  

 

In summary, I aim for three major objectives: 

(1) extending the northwestern coverage of time-binned oxygen isotope maps to 

better constrain the spatial-temporal extent of a middle Eocene continental plateau 

(2) sampling a W-E transect at ~45° N spanning the Washington Cascades to 

central/southwestern Montana, in order to track western-derived air masses 

from the Pacific Ocean 

(3) detecting short-term perturbations in the isotopic record caused by the Middle 

Eocene Climatic Optimum 
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4. General introduction to sampling strategy, proxy materials and applied methods 

4.1. Sampling strategy and proxy materials 

In order to access paleotopography and precipitation patterns through stable isotope 

records, we aim for authigenic and hydrous minerals that carry the isotopic fingerprint of 

meteoric fluids in their isotopic compositions. Sampling targets are (1) pedogenic 

carbonates, (2) lacustrine carbonate, and (3) groundwater carbonates that were all derived 

from terrestrial sedimentary basins, as well as (4) hydrous silicates (white mica) from a 

low-angle shear zone of a metamorphic core complex (MCC) (c.f., Fig. 3; Appendix Tab. 

A1.1).  

Carbonates in terrestrial sedimentary basins were sampled in northwestern and 

southwestern Montana and Washington. Intermontane basin in western Montana and east-

central Idaho resulted from the extensional collapse of the Sevier fold-thrust belt 

hinterland since the latest Paleocene. Sediment accumulation in these basins started later 

in the early to middle Eocene (e.g., Constenius, 1996; Rasmussen, 2003) and was 

tectonically controlled, highly episodical, and locally very rapid with thick sequences 

spanning less than 1 Ma in southwestern Montana basins (e.g., Tabrum et al., 1996; and 

ref. in there). The sedimentary record was subsequently disturbed by regional tectonic 

events during the mid-Eocene and the mid-Miocene (Rasmussen, 2003). In the Pacific 

Northwest, after a transpressive phase characterized by dextral strike-slip and thrust 

faulting (e.g., Johnson, 1985; Umhoefer and Miller, 1996; Paterson et al., 2004), Eocene 

deformation was dominated by dextral faulting and extension (e.g., Miller and Bowring, 

1990; Umhoefer and Miller, 1996). This led to strike-slip basin development and 

sedimentation in the North Cascades region during the Paleogene (Johnson, 1985; Heller 

et al., 1987). A more detailed description of the sampled carbonates is given below 

(Section 4.2.). 

Hydrous minerals of shear zone mylonites (white micas) were collected from mica-

bearing mylonitic quartzite of the Raft River shear zone, which is part to the Raft River-

Albion-Grouse Creek MCC (Utah). Metamorphic core complexes expose middle to lower 

crustal rocks and result from denudation and rock uplift through large-scale, low-angle 

extensional detachment systems. Footwall rocks originate from the depth of the brittle-

ductile transition and are deformed visco-plastically and metamorphosed; contrary to the 

hanging wall, which is mostly non-metamorphic and brittlely deformed (e.g., Crittenden 

et al., 1980; Coney, 1980; Armstrong, 1982; Lister and Baldwin, 1993). In western North 

America, MCCs developed during Cenozoic crustal extension and contributed to thermal 

and mechanical re-equilibrium of overthickened orogenic crust following the Sevier 

orogeny (e.g., Wernicke, 1981; Coney and Harms, 1984; Sonder and Jones, 1999; 
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Dickinson, 2002; Teyssier et al., 2005; Rey et al., 2009; Wells et al., 2012; Whitney et al., 

2013).  

Hydrogen (δ2H) and oxygen (δ18O) isotope ratios in recrystallized hydrous minerals have 

been used to show that localized synextensional interaction of mylonitic footwall rocks 

with surface-derived fluids is a common feature of extensional detachment systems 

bounding high-grade MCCs in the NAC (e.g., Kerrich, 1988; Fricke et al., 1992; 

Wickham et al., 1993; Gottardi et al., 2011; McFadden et al., 2015). Strongly localized 

fluid flow from the Earth’s surface down to the brittle-ductile transition in footwall shear 

zones directly impacts the conditions of crustal flow, mineral recrystallization, elemental 

and isotopic exchange, and the temperature structure of actively extending crust (e.g., 

Fricke et al., 1992; Wickham et al., 1993; Morrison and Anderson, 1998; Famin et al., 

2004; Mulch et al., 2006; Gébelin et al., 2011; Gottardi et al., 2011). The δ2H values of 

white mica in otherwise “anhydrous” mylonitic quartzite/silicate rocks have been shown 

to be a sensitive tracer for fluid-mineral interaction because they are strongly controlled 

by the D/H ratio of the fluid (e.g., Mulch et al., 2004, 2006; Mulch and Chamberlain, 

2007). White micas reliably record the δ2H of the deformation-related fluid in detachment 

shear zones if mineral-fluid isotopic equilibrium is attained and if δ2H values are 

preserved over time (Mulch et al., 2007). If this is given, reconstructed isotopic values of 

percolating meteoric fluids or near-surface groundwaters, which in turn are derived from 

local rainfall, can serve for paleoelevation reconstructions, if temperature and timing of 

the isotopic exchange as well as paleoclimatic and precipitation conditions are adequately 

constrained (e.g., Mulch and Chamberlain, 2007; Mulch et al., 2004, 2007; Campani et 

al., 2012; Gébelin et al., 2012, 2013).  

4.2. Stable isotopes in carbonates 

Terrestrial carbonates, formed as secondary carbonates in soil, sub-soil or groundwater 

environments by carbonate precipitation (1) are abundant and widely distributed in the 

geological record and (2) provide paleotopographic, -climatic and -environmental 

information through different elemental and isotopic systems (i.e., combined oxygen 

(δ18O) and carbon (δ13C) isotope records; e.g., Cerling and Quade, 1993; Sheldon and 

Tabor, 2009). 

Oxygen isotope ratios of pedogenic carbonates (δ
18

Ocarbonate) are constrained by the 

isotopic composition of soil water and the temperature during equilibrium soil carbonate 

formation (Cerling, 1984), which mainly occurs when soils dewater during warm and dry 

periods (Breecker et al., 2009). Soil carbonate formation requires arid to semi-arid 

(typically <800 mm/a), in some cases sub-humid or monsoonal, climates accompanied by 

precipitation seasonality (e.g., Breecker et al., 2009). Soil water is dominantly charged by 
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local precipitation and thus, the δ18Ocarbonate values can be used to reconstruct past rainfall, 

given that calcite-water fractionation temperatures and possible evaporitic effect on soil 

water can be adequately constrained (e.g., Quade et al., 2007). Regarding temperature, the 

temperature effect on water-calcite fractionation is minor (~0.25 ‰/°C; Kim and O'Neil, 

1997) compared to the effects of increasing temperature on precipitation δ18O values 

(Rozanski et al., 1993). Temperatures can be constrained using the clumped isotope (∆47) 

(paleo)thermometer which yields carbonate formation temperatures (see Section 4.3.), 

which likely reflect temperatures of the main carbonate formation season and thus warm 

month mean temperatures (Passey et al., 2010; Peters et al., 2013; Quade et al., 2013; 

Eagle et al., 2013; Hough et al., 2014). Evaporation potentially increases soil carbonate 

δ
18O values (e.g. Cerling and Quade, 1993; Quade et al., 2007). Thus, increased 

temperatures directly impact δ18Ocarbonate values through both, evaporitic effects on soil 

water and increasing δ18O values of local rainfall. However, (global) temperature changes 

can indirectly affect δ18Ocarbonate values by introducing isotopically different rainfall or 

different rainfall amounts to inland sites through altered atmospheric circulation patterns. 

δ
18Ocarbonate data have successfully used to reconstruct surface temperature (e.g., Koch et 

al., 1995; Fricke and O'Neil, 1999), elevation /topography (e.g., Garzione et al., 2000; 

Quade et al., 2007; Chamberlain et al., 2012), aridification histories (e.g., Mix et al., 

2013; Caves et al., 2014), as well as atmospheric circulation patterns (e.g., Kent-Corson 

et al., 2010) given that the compounding effects of changing fractionation temperature, 

ambient temperature, isotopic composition of local rainfall (driven by climate of 

tectonics/topography) can be adequately constrained.  

Carbon isotope ratios in pedogenic carbonates (δ
13

Ccarbonate) are determined by the 

isotopic composition of soil CO2 and temperature during equilibrium carbonate 

formation. Soil CO2 in turn represents a mixture between atmospheric CO2 and biological 

CO2 that is produced by the respiration of soil organisms including plants, animals, and 

microbes (Cerling, 1984; Cerling et al., 1991; Cerling and Quade, 1993; Quade et al., 

2007). Plant-respired CO2 dominates in most carbonate-producing soils and is in turn 

determined by (1) the prevailing photosynthetic pathway (mainly C3 or C4, whereas 

Crassulacean Acid Metabolism (CAM) plants, cacti and succulents, constitute only a 

small fraction and are normally not considered), and (2) the respiration rate (i.e. 

biological activity, largely dependent on water availability) of the growing plant 

community (Cerling, 1984; Cerling et al., 1991; Cerling and Quade, 1993; Davidson, 

1995; Quade et al., 2007; Kohn, 2010). Thus, δ13Ocarbonate values are widely used to 

determine paleoecological parameters such as vegetation cover, C3/C4 plant distributions, 

soil respiration rates, aridification/water stress for plants, changes in the global carbon 

cycle or paleo-pCO2 reconstructions (e.g., Koch et al., 1992; Quade and Cerling, 1995; 
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Bowen et al., 2004; Fox and Koch, 2004; Retallack, 2009; Takeuchi et al., 2010; Caves et 

al., 2014; Cotton et al., 2015). 

In addition, geochemical analysis of elemental compositions of pedogenic carbonates 

allows determination of weathering parameters and thus climatic parameters that exert a 

major control on soil weathering (e.g., Retallack, 2007; Sheldon, 2009; Sheldon and 

Tabor, 2009).  

Groundwater carbonates, mostly large (cm to dm-scale) roundish, ellipsoidal, or bowl-

shaped concretions (e.g., Quade and Roe, 1999), can similarly serve as paleoclimate 

archives if (1) they formed in shallow groundwater or capillary fringe of the vadose zone 

and/or (2) if their diagenetic history can be carefully constrained. Shallow groundwater 

conditions are indicated by the proximity of concretions and pedogenic features (e.g., root 

traces, burrows), the occurrence of bowl-shaped concretions indicative of a fluctuating 

water table, their occurrence as reworked clasts in basal channel deposits indicating early 

diagenetic formation, and formation in or close to the capillary fringe zone (Quade and 

Roe, 1999; Mack et al., 2000; Singh et al., 2014). The δ18Ocarbonate values of groundwater 

carbonates depend on groundwater composition, ambient temperature as well as the 

water-rock ratio (Zheng and Hoefs, 1993) and are typically decreased (compared to 

pedogenic carbonate) due to elevated temperatures and/or high water-rock ratios (Banner 

and Hanson, 1990; Zheng and Hoefs, 1993; Quade and Roe, 1999; Mack et al., 2000; 

Bera et al., 2010; Singh et al., 2014). The δ13Ccarbonate values of groundwater carbonates 

can be used to determine paleoenvironmental parameters, if they formed in shallow 

groundwater/vadose zone, where carbon species are in equilibrium with plant-derived 

CO2 (Quade and Roe, 1999). Highly variable δ13Ccarbonate values, however, likely result 

from local conditions of the groundwater carbon species with elevated δ13Ccarbonate values 

where organic decomposition or root activity was absent (Singh et al., 2014). However, 

high-temperature calcite cements often lack direct paleoclimatic and paleoenvironmental 

information (Quade and Roe, 1999; Mack et al., 2000; Bera et al., 2010; Singh et al., 

2014). 

Authigenic lacustrine carbonates are typically precipitated due to calcium carbonate 

supersaturation in lake waters especially in the mid- to high-latitude summer months 

caused by CO2 removal through photosynthetic utilization of CO2 or CO2 degassing as 

water warms (Drummond et al., 1995; Leng and Marshall, 2004). As their pedogenic 

counterparts, lacustrine carbonate δ18O values are determined by temperature and δ18O 

values of the lake water from which they precipitate (Leng and Marshall, 2004). Thus, 

lake water δ18O can be assessed, if the fractionation temperature is adequately constrained 

and isotopic equilibrium between lake water and lacustrine carbonate prevailed during 

carbonate formation. In turn, lake water δ18O values are mainly determined by the 
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isotopic compositions of local precipitation, inflowing surface water and groundwater, 

mixing ratios of water masses (lake stratification as well as different water sources), and 

evaporitic effects (precipitation/evaporation ratio), which all might vary substantially on a 

seasonal scale (Leng and Marshall, 2004). Thus, before using lacustrine δ18Ocarbonate data 

as a proxy for meteoric δ18O, lake hydrology (including lake size, depth and water 

residence time), catchment effects and changes in the precipitation/evaporation ratio as 

well as temperature must be constraint or estimated. In addition, non-equilibrium 

reactions (i.e., non-reversible kinetic fractionations) might be a common process in 

authigenic lake carbonate, not only in biogenic carbonates, due to increased rates of 

carbonate precipitation (e.g., Fronval et al., 1995; Leng and Marshall, 2004). The δ13C 

signature of authigenic lacustrine carbonate is mainly derived from the bicarbonate phase 

HCO	�
�, which equals the Total Dissolved Inorganic Carbon (TDIC) in the lake water and 

results from rock/soil–water interaction in the catchment area. Major controlling factors 

of the δ13C of TDIC (δ13CTDIC) are (1) the δ13C of the inflowing water, in turn controlled 

by terrestrial plant respiration, vegetation type, and pH, (2) the CO2 exchange between 

atmosphere and lake water that typically increases δ13CTDIC (especially in closed basins), 

(3) the biological productivity of aquatic plants (promote 12C up-take by aquatic plants 

and thus increasing δ13CTDIC), and (4) sedimentation/recycling of organic matter (i.e., 

redox state) (Leng and Marshall, 2004). Lacustrine carbonates have been widely used to 

reconstruct lake hydrology, precipitation/evaporation ratios, to infer the hypsometric 

means of the catchment area (e.g., Talbot, 1990; Drummond et al., 1995; Horton et al., 

2004; Carroll et al., 2008; Davis et al., 2009; Doebbert et al., 2010; Mulch et al., 2015), 

and to determine paleoecological parameters, which are often climatically induced in 

lakes (Leng and Marshall, 2004), such as turnover rates, biologic productivity, lake water 

stratification, and changes in carbon and nutrient cycling (e.g., Drummond et al., 1995; 

Mulch et al., 2015). 

4.3. Carbonate clumped isotope (∆47) (paleo)thermometry 

Carbonate clumped isotope (∆47) (paleo-)thermometry is a relatively new method to 

deduce carbonate formation temperatures and can overcome the limitation of a traditional 

carbonate-water thermometer since this thermometer works independently of ancient 

water compositions and other coexisting phases (e.g., Ghosh et al., 2006a; Schauble et al., 

2006; Eiler, 2007).  

It is based on the homogeneous equilibrium isotope exchange reaction (I):  

Ca13C16O3 + Ca12C18O16O2 = Ca12C16O3 + Ca13C18O16O2 (I) 

between different species of carbonate molecules (isotopologues), which results in 

preferred bonding of heavy isotopes (13C-18O) in carbonate isotopologues (e.g., Wang et 
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al., 2004; Ghosh et al., 2006a). This reaction depends on the equilibrium constant Keq, 

which in turn exclusively depends on temperature such that the abundance of multiply 

substituted isotopologues increases with decreasing temperature. Thermodynamic driving 

forces lead to a higher-than-stochastic value for Keq, i.e., Keq ≌ 1 at very high 

temperatures and lowering the temperature shifts reaction I to the right with about -

0.000003/K (e.g., Schauble et al., 2006; Eiler, 2007). Thus, the abundance of 

isotopologues containing heavy isotopes of oxygen and carbon is purely temperature-

dependent. This relationship holds true after acid digestion of carbonate: the abundance of 
13C18O16O in CO2 produced by acid digestion is proportional to the abundance of 
13C18O16O2 in the minerals themselves and only weakly dependent on the reaction 

temperature (0.0016 ‰/°C; Ghosh et al., 2006a) and sampling amount (for acid digestion 

temperatures of 25°C; Wacker et al., 2013). 

The temperature dependence is typically expressed by the ∆47 value [in ‰], which 

describes the difference of the abundance of the 13C18O16O-isotopologue of the sample 

gas (R47, R46, R45) from the theoretical stochastic distribution of the gas (R47*, R46*, R45*) 

with the same bulk isotopic composition (e.g., Wang et al., 2004; Eiler, 2007, 2011 and 

ref. therein): 

∆47 = ((R47/ R47* - 1) – (R46/ R46* - 1) - (R45/ R45* - 1)) * 1000 (‰) (II) 

with Ri = mass i / mass 44, or in other words the magnitude of isotopic variations. Thus, 

while absolute abundances of multiply-substituted isotopologues vary with the bulk 

composition, the ∆47 value does not (Eiler, 2007). In addition, simultaneous 

measurements of masses 45 and 46 yielded oxygen (δ18O) and carbon isotopic ratios 

(δ13C) of the carbonate samples. 

This method holds great potential to independently determine mineral formation 

temperature and oxygen isotope ratios of ambient water (unbiased by temperature 

estimates of fractionation processes) of various proxy materials. For instance, ∆47 

paleothermometry has successfully deployed to reconstruct paleoenvironments (e.g., 

Passey et al., 2010; Peters et al., 2013; Wang et al., 2013; Tobin et al., 2014), basin burial 

histories, diagenesis and fluid flow (e.g., Dennis and Schrag, 2010; Huntington et al., 

2011; Passey and Henkes, 2012; Bergman et al., 2013; Dale et al., 2014), paleoclimate 

(e.g., Came et al., 2007; Csank et al., 2011; Dennis et al., 2013; Eagle et al., 2013; Hren et 

al., 2013), and paleoaltimetry reconstructions (e.g., Ghosh et al., 2006b; Garzione et al., 

2008, 2014; Huntington et al., 2010, 2015; Lechler et al., 2013; Snell et al., 2014; Fan et 

al., 2014b), since it permits to disentangle some of the confounding effects of temperature 

and changes in topography and atmospheric circulation that commonly affect stable 

isotope records (e.g., Eiler, 2007, 2011; Ghosh et al., 2006b; Garzione et al., 2008; 

Huntington et al., 2010; Eagle et al., 2013). 
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5. Structure and overview of the following chapters 

Here, I provide a short introduction to the following chapters, including a brief overview 

about topic, location, and main results of this study. The single chapters contain published 

or submitted manuscripts plus one additional chapter with a short summary of existing, 

yet unpublished data. All data sets can be found in the Appendices.  

Chapter 2 

The paper “Rapid Middle Eocene temperature change in western North America”, 

authored by Katharina Methner, Andreas Mulch, Ulrike Wacker, Jens Fiebig, Axel 

Gerdes, Stephan A. Graham, and C. Page Chamberlain, is submitted to the journal Earth 

and Planetary Science Letters and is currently under review (11.11.2015). 

The paper presents clumped isotope (∆47) paleo-temperatures and stable isotope 

compositions (δ18O, δ13C) from a stacked paleosol sequence that cover the Middle Eocene 

Climatic Optimum (MECO), as revealed by U-Pb dating of the pedogenic carbonates. 

Clumped isotope temperatures show ~9°C increase in soil temperatures and a temperature 

decrease of ~11°C after reaching peak temperatures of ~32°C, following the marine δ18O 

pattern and the alkenone-based sea surface temperature pattern of the MECO. Warm ∆47 

temperatures are associated with low δ18O values, which are consistent with altered 

atmospheric circulation patterns, now bringing isotopically depleted moisture to the 

American continental interior during this warm event. 

Chapter 3 

The publication “Rapid change in high-elevation precipitation patterns of western 

North America during the Middle Eocene Climatic Optimum (MECO)” authored by 

Andreas Mulch, C. Page Chamberlain, Michael A. Cosca, Christian Teyssier, Katharina 

Methner, Michael T. Hren, and Stephan A. Graham, is published in the American Journal 

of Science (2015, 315(4), 317-336, doi:10.2475/04.2015.02).  

We present isotopic (δ18O, δ13C, 87Sr/86Sr) and geochronological (40Ar/39Ar) data from the 

pedogenic and lacustrine sediments of the Elko Basin (Nevada) in comparison with the 

stable isotope record of the Dell Beds (Montana). This study investigates the regional 

influence of the MECO event under the light of progressive surface uplift during the 

middle Eocene in the western United States and shows that we can successfully 

distinguish the climatic and tectonic/surface uplift signals in the Elko Basin record. 

Further, the data implies a strengthening of monsoonal summer rainfall on the eastern 

flanks of the North American Cordillera as suggested by the rapid middle Eocene 

decrease of δ18O in precipitation.  
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Chapter 4 

This chapter contains the publication “Eocene and Miocene meteoric fluid flow during 

extension and core complex formation in the Great Basin (Raft River Mountains, 

Utah)”, authored by Katharina Methner, Andreas Mulch, Christian Teyssier, Michael 

Wells, Michael Cosca, Raphaël Gottardi, Aude Gébelin, and C. Page Chamberlain, 

published in Tectonics (2015, 34, 680-693.doi: 10.1002/2014tc003766).  

The paper reports the history of surface-derived fluid infiltration along the low-angle Raft 

River detachment and reveals multiple infiltration events during extensional phases in the 

Raft River-Albion-Grouse Creek Metamorphic Core Complex (UT, USA) during the 

Cenozoic. This study adds to the growing body of stable isotope data (δ2H and δ18O) from 

North American core complexes and enlarges our knowledge about early (Eocene) stages 

of core complex formation in the western US.  

Chapter 5 

The study “Eo-Oligocene proto-Cascades topography revealed by clumped (∆47) and 

oxygen isotope (δ
18

O) geochemistry (Chumstick Basin, WA, USA)” authored by 

Katharina Methner, Jens Fiebig, Ulrike Wacker, Paul Umhoefer, C. Page Chamberlain, 

and Andreas Mulch is submitted to the journal Tectonics (07/27/2015) and currently 

pending revisions. 

Stable isotope (δ18O, δ13C) and clumped isotope (∆47) data of carbonate concretions from 

the Eocene Chumstick Basin, located in central Washington east of the modern Cascade 

Range, is used to assess the fluid isotopic composition of groundwater from which these 

concretions precipitated. Combination of clumped isotope temperatures, modeled vitrinite 

reflectance temperatures, and low-T thermochronology data, which determine the basin 

burial and exhumation history, enables the reconstruction of the timing of carbonate 

cement formation to be Eocene/Oligocene. δ18Owater values of ~ -7 ‰ to -9 ‰ reflect 

near-coastal rainfall and thus preclude an Eocene/Oligocene rain shadow effect of the 

ancient Washington Cascades. 

Basis for the evaluation of the timing of diagenesis and setting clumped and oxygen 

isotope systematics is the low-T thermochronological data presented in the journal article 

“Thermal and exhumation history of the Eocene Chumstick Basin, Washington 

State, USA”, authored by Eva Enkelmann, Todd A. Ehlers, Gabriel Merli, and Katharina 

Methner, published in the journal Tectonics (2015, 34, 951-969, doi:10.1002/2014 

TC003767). This study reconstructs the thermal history of the Chumstick basin using 

detrital apatite (U-Th-Sm)/He and detrital apatite fission-track ages from the middle 

Eocene Chumstick Formation and modern river detritus. Combination with existing 

vitrinite reflectance data, allow modeling of the basin’s thermal history, which indicates 
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rapid Eocene burial and constant temperatures throughout the late Oligocene to early 

Miocene, followed by rapid cooling since 17–10 Ma. The structural reactivation of the 

fault zones bounding the Chumstick Basin (due to Cascade uplift) and the weaker 

lithology of the basin strata in comparison to the harder and more resistant basement 

rocks of the Cascades resulted in significant basin exhumation.  

Chapter 6 

The chapter “Stable isotope (δ
18

O, δ
13

C) and geochronology data of Paleogene basins 

in western North America (Washington and Montana, USA)” gives short overviews 

about geological settings and results of stable isotope analyses of basin records sampled 

in Washington and Montana. The data is not published yet. Data sets can be found in the 

Appendices of this thesis. 

Additional δ18O and δ13C data of pedogenic carbonate from the Oligocene Cook Range 

member and the early to middle Eocene upper and lower units of the Sage Creek 

Formation adds to the large body of stable isotope data from the Sage Creek Basin. 

Together with data from the adjacent Muddy Creek Basin and the Kishenehn Basin in 

northwestern Montana, I add a wealth of new stable isotope data to the existing studies of 

the North America continental interior. Further, δ18O and δ13C data of carbonate-

cemented sandstone concretion, found in the terrestrial sedimentary sequences of the 

Paleogene Chuckanut and Swauk basins, has been collected in order to extent the stable 

isotope record in the Pacific Northwest.  

Chapter 7 / 8 (Summary and Conclusion / Zusammenfassung und Schlussfolgerung) 

These chapters contain the major findings of this work and their implications for 

paleoaltimetry studies of the Early Cenozoic North American Cordillera in English 

(Chapter 7) and German (Chapter 8) language, respectively. 
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Fig. 1. Simplified geological map, including major tectonic elements of the North 

American Cordillera in the western United States, after DeCelles (2004). 
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Fig. 2. Scenarios of Early Cenozoic topographic changes that may account for the 

observed decrease of δ18O in precipitation include (A) the SWEEP model with rapid 

surface uplift and associated changes in moisture distribution before (dashed lines) and 

after (solid lines) mantle-driven surface uplift, and (B) the collapse of a “Nevadaplano” 

resulting in a decreased net elevation but locally increased relief/peak heights. Both cases 

reflect end-member models.  
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Fig. 3. Topographic maps of the western United States, showing (A) the main tectonic 

features and sampling locations (yellow dots) and (B) the modern oxygen isotopic 

distribution (blue contour lines), after Kendall and Coplen (2001), and modern-day 

principal wind directions, after Blisniuk and Stern (2005).  
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Abstract 

Eocene hyperthermals are among the most enigmatic phenomena of Cenozoic climate 

dynamics. These hyperthermals represent temperature extremes superimposed on an 

already warm Eocene climate and dramatically affected the marine and terrestrial 

biosphere, yet our knowledge of temperature and rainfall in continental interiors is still 

rather limited. We present stable isotope (δ18O) and clumped isotope (∆47) temperature 

records from a middle Eocene (41 to 40 Ma) high-elevation mammal fossil locality in the 

North American continental interior (Montana, USA). ∆47 paleotemperatures of soil 

carbonates delineate a rapid +9/-11 °C temperature excursion in the paleosol record. ∆47 

temperatures progressively increase from 23 °C ±3 °C to peak temperatures of 32 °C ±3 

°C and subsequently drop by 11 °C to initial temperatures. This hyperthermal event in the 

middle Eocene is further characterized by low δ18O values and reduced pedogenic 

carbonate concentrations in paleosols. Based on laser ablation U/Pb geochronology of 

paleosol carbonates in combination with magnetostratigraphy, biostratigraphy, stable 

isotope, and ∆47 evidence, we suggest that this pronounced warming event reflects the 

Middle Eocene Climatic Optimum (MECO) in western North America. The terrestrial 

expression of northern hemisphere MECO in western North America appears to be 

characterized by warm and wetter (sub-humid) conditions, compared to cooler and drier 

conditions in the post-MECO phase. Large and rapid shifts in δ18O values of precipitation 

and pedogenic CaCO3 contents parallel temperature changes, indicating the profound 

impact of the MECO on atmospheric circulation and rainfall patterns in the western North 

American continental interior during this transient warming event. 
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1. Introduction 

Short-term hyperthermals such as the Paleocene-Eocene Thermal Maximum (PETM) or 

the Eocene Thermal Maximum 2 (ETM2) reflect brief global warming events and are a 

common phenomenon of early and middle Eocene climate dynamics (e.g., Zachos et al., 

2008). Both events punctuated an already warm Paleogene climate, interrupted the long-

term mid-to-late Eocene cooling trend and coincided with perturbations in the global 

carbon cycle (e.g., Bowen et al., 2015; Sluijs et al., 2013; Zachos et al., 2008). In contrast 

to the short-lived (<100 ka) Early Eocene hyperthermals, the Middle Eocene Climatic 

Optimum (MECO) about 40 Ma ago is unique in terms of its long duration (500-750 ka) 

and gradual temperature increase (Bohaty and Zachos, 2003; Bohaty et al., 2009; Edgar et 

al., 2010). A suite of globally distributed deep-sea sediment cores revealed that this 

warming event was characterized by a transient temperature increase of 3 °C to 6 °C of 

both surface and intermediate deep-waters, a brief global shoaling of the calcite 

compensation depth due to acidification of the oceans, and shifts in species distribution 

and abundance patterns (Bijl et al., 2010; Bohaty and Zachos, 2003; Bohaty et al., 2009; 

Boscolo Galazzo et al., 2013; Edgar et al., 2010; Witkowski et al., 2012). An increase in 

atmospheric CO2 concentrations by a factor of 2-3 when compared to pre- and post-

MECO pCO2 levels further characterizes the MECO (Bijl et al., 2010). The postulated 

global rise in pCO2 and temperature, accounting for deep and shallow water warming, 

should exhibit substantial influence on continental environments as increasing mean 

global temperature will affect atmospheric and ocean circulation dynamics and thus alter 

continental rainfall patterns (e.g., Allen and Ingram, 2002; Chou et al., 2013; Held and 

Soden, 2006; Marvel and Bonfils, 2013). However, the implications of continental 

temperature change during the MECO on continental hydrology are still largely elusive: 

Palynological and sedimentological data in Central Asia indicate a major aridification 

step associated with monsoonal intensification possibly as a consequence of post-MECO 

cooling (Bosboom et al., 2014). Oxygen (δ18O) and carbon (δ13C) isotope analyses of 

lacustrine carbonates (Elko Basin, NV, USA) reveal large shifts in lake water δ18O, most 

likely due to rapid lake water freshening at the climax of the MECO and indicate that 

temperature seasonality was sufficiently strong to (re-)establish regular lake overturn 

(Mulch et al., 2015). These two terrestrial MECO records indicate changes in the 

hydrological cycle of northern hemisphere continental interiors in concert with either 

surface uplift processes of the Tibetan Plateau for Central Asia and a southward 

encroachment of an Eocene plateau (SWEEP) in western North America (Mix et al., 

2011) and/or retreats of epicontinental seas (proto-Paratethys and Mississippi 

Embayment, respectively). Redistribution of rainfall patterns, and thus δ18O values of 

precipitation, results from changes in atmospheric circulation and hydrological cycling 
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that are both sensitive to global warming (e.g., Marvel and Bonfils, 2013). Despite being 

a key element in global climate dynamics, continental rainfall patterns in a warmer world 

are far from being understood and predictions range from wet-get-wetter and dry-get-

drier patterns (e.g., Allen and Ingram, 2002; Chou et al., 2013; Held and Soden, 2006) to 

an overall (mid-latitude) drying in a warmer future (Sherwood and Fu, 2014).  

In order to evaluate the impacts of global warm periods on terrestrial temperature and 

rainfall records we sampled a suite of middle Eocene (~40 Ma) paleosols in the hinterland 

of the North American Cordillera. Stable isotope (δ18O) and clumped isotope paleo-

temperature (∆47) data, together with laser ablation inductive coupled plasma-mass 

spectrometry (LA-ICP-MS) U-Pb dating of carbonates permits to develop a middle 

Eocene terrestrial temperature record and investigate changes in the hydrological cycle 

and consequently in atmospheric circulation patterns over western North America during 

an important Cenozoic warm period.  

2. Geological setting 

Beginning in the early Eocene, the North American continental interior underwent 

extension at various levels of the crust with accompanying magmatism, formation of 

metamorphic core complexes, and basin formation within the North American Cordillera 

(e.g., Constenius, 1996; Dickinson, 2002; Fields et al., 1985; Sonder and Jones, 1999). 

Most basins in western Montana (and east-central Idaho) resulted from Paleogene 

extensional deformation in the hinterland of the Sevier fold-and-thrust belt (e.g., 

Constenius, 1996; Fields et al., 1985; Rasmussen, 2003) and basins evolved as 

intermontane half-grabens in a north-south tending rift system (Janecke, 1994; Sears and 

Ryan, 2003).  

In an overall extensional context, the Sage Creek Basin (MT) has been described as an 

extensional intermontane basin (Constenius, 1996), a flexural basin (Janecke et al., 1999), 

as part of the “Renova braidplain” on the uplifted eastern rift shoulder (Sears and Ryan, 

2003) or as part of a continuous depositional system of the Dillon-Renova Basin, flanked 

by volcanic highlands (Fritz et al., 2007). Independent of the mode of basin formation 

sedimentation in the Sage Creek Basin started in the early to middle Eocene and lasted 

until the mid-Miocene, thus making the Sage Creek Basin one of the temporally most 

extensive basins in western Montana that also yielded a vast amount of vertebrate fossils 

spanning the Bridgerian (~51 Ma) to Barstovian (~12 Ma) NALMAs (North American 

Land Mammal Ages) (Fields et al., 1985; Tabrum et al., 1996). Age constraints of the 

Sage Creek Basin deposits are based on biostratigraphic, paleomagnetic and radiometric 

dating (Fields et al., 1985; Kent-Corson et al., 2006; M'Gonigle and Dalrymple, 1996; 
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Tabrum et al., 1996). Based on vertebrate fossil assemblages, Paleogene sediments 

exposed in the Sage Creek Basin can be divided into the Bridgerian Sage Creek 

Formation (~51.0-46.3 Ma), the Uintan Dell Beds (46.3-40.0 Ma), and the Chadronian-

Orellan Cook Ranch member (37-32 Ma) (see compilations of Fields et al. (1985) and 

Tabrum et al. (1996); ages in parenthesis indicate age limits of NALMA in Woodburne 

(2004), modified for the Bridgerian after Smith et al. (2008)). Even though southwestern 

Montana local faunas reflect high levels of provincialism/endemism, which makes 

correlations with other North American mammal assemblages challenging (Tabrum et al., 

1996), these age zones were confirmed by paleomagnetic (Tabrum et al., 1996) and 

geochronologic analyses (Fritz et al., 2007; Kent-Corson et al., 2006; M'Gonigle and 

Dalrymple, 1996; Rothfuss et al., 2012). 

Within this depositional context we collected micritic carbonate samples and wherever 

present pedogenic carbonate nodules from different pedogenic horizons of the well 

characterized middle Eocene Upper Dell Beds of the Sage Creek Basin (SW Montana, 

USA; Fig. 1; e.g., Kent-Corson et al., 2006; Retallack, 2007; Tabrum et al., 1996;). The 

Dell Beds unconformably overlie the early Eocene Sage Creek Formation and represent a 

sequence of stacked paleosols, which mainly consist of tuffaceous mudstone interbedded 

with sandstone and minor conglomerates (Retallack, 2007; Tabrum et al., 1996). The 

sampling locality (corresponding to the “Kay Draw” or “Hough Draw 1” locality of 

Tabrum et al., 1996; Fig. 1c) reflects the stratigraphically highest part of the Dell Beds 

and consists of tuffaceous mud- and siltstone with abundant paleosol formation. 

Pedogenic accumulation of carbonate occurred in B horizons (Hanneman et al., 2003); 

these range in thickness from 0.1 m to 0.4 m and are typically well indurated. A shallow 

carbonate formation environment is reported by Retallack (2007) with carbonate 

formation depths of the Dell Beds (at Douglass Draw) estimated to range between 27 cm 

and 120 cm, averaging 54 cm ± 22 cm (Retallack, 2007, and downloadable Excel files in 

there). We measured a composite section of about 50 m along two sections (Figs. 1c and 

1d) and analyzed micritic paleosol carbonate and pedogenic carbonate nodules for stable 

isotope and clumped isotope analyses as well as U-Pb geochronology.  

3. Methods 

3.1. Stable isotope analyses  

Oxygen (δ18O), carbon (δ13C) and clumped (∆47) isotope analyses of pedogenic 

carbonates were performed at the Joint Goethe University – BiK-F Stable Isotope Facility 

at the Institute of Geosciences, Goethe University Frankfurt, Germany. Carbonate 

powders were drilled at 1 to 5 different spots within the same hand specimen using a low-
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speed dental drill. After digestion of 0.1 mg to 0.5 mg carbonate powder with H3PO4 at 

72 °C in a sealed reaction vessel, flushed with helium gas, the evolved CO2 was sampled 

by a Finnigan Gas-Bench and isotope ratios were measured on a Finnigan MAT 253 mass 

spectrometer. Repeated measurements of an in-house standard (Carrara marble) yielded 

external precision of <0.07 ‰ for δ18O and <0.03 ‰ for δ13C. All isotopic results are 

reported in standard delta notation and corrected to VSMOW (δ18O) or VPDB (δ13C). 

Carbonate contents (in %) were calculated by relating the signal size of the samples and 

the averaged signal size of the daily standards (Carrara marble, n=12) and assuming 100 

% CaCO3 for the Carrara marble (Appendix Tabs. A2.1 and A2.2). The oxygen isotopic 

composition of soil water (δ18Owater) was calculated from ∆47 temperature and δ18Ocarbonate 

value pairs using the oxygen isotope fractionation coefficient of Kim and O'Neil (1997) 

(Appendix Tab. A2.9).  

3.2. Clumped (∆47) isotope analyses 

Clumped isotope analyses were performed using a Thermo Finnigan MAT 253 mass 

spectrometer modified to measure a mass range of 44 to 49. Carbonate digestion, CO2 

purification procedure and measurements follow Wacker et al. (2013, 2014). In short, for 

∆47 analyses 8-28 mg of carbonate were reacted at 90 °C in >106 % H3PO4, and the 

liberated CO2 was purified by passage through multiple cryogenic traps, including a gas 

chromatographic column held at -20 °C. “Heated gases” (equilibrated at 1000 °C) were 

measured to monitor the non-linearity of the mass spectrometer and source scrambling 

effects. CO2 gases, equilibrated at 25 °C, and “heated gases” were subsequently used to 

determine the empirical transfer functions (ETF) (Appendix Tabs. A2.3-A2.5). We 

applied the theoretical acid fractionation factor of +0.069 ‰ (Guo et al., 2009) to the data 

obtained from carbonates reacted at 90 °C to allow comparison to carbonates digested at 

25 °C (see Wacker et al., 2014). ∆47 values are reported in the absolute reference frame 

for interlaboratory comparison (Dennis et al., 2011). Temperatures are calculated using 

the calibration of Wacker et al. (2014):  

∆47 = 0.0327 (± 0.0026) * 106 / T2 + 0.3030 (± 0.0308)   (i)  

with ∆47 in ‰ and T in K. This regression line (i) is within analytical error statistically 

indistinguishable from (a) the empirically determined calibration line of Henkes et al. 

(2013) and (b) the theoretical calibration line (Guo et al., 2009). These temperature-∆47 

relationships, however, differ from the original calibration (Ghosh et al., 2006) and 

several other calibration lines (e.g., Tripati et al., 2010; Zaarur et al., 2013). The cause(s) 

of these discrepancies are still not fully understood. We refer to the calibration of Wacker 

et al. (2014) that has been determined at Goethe University Frankfurt since this provides 

that all analyses are based under similar analytical conditions (digestion at 90 °C; similar 
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gas preparation and data reduction protocols; measurements performed at the same mass 

spectrometer). In addition, ∆47 values of standard materials (NBS 19, Carrara marble) and 

of a calibration sample (Dyscolia wyvillei) obtained during this study match (within 

standard error) the ∆47 values determined during the calibration study of Wacker et al. 

(2014) (Appendix Tab. A2.4). 

3.3. 
238

U–
206

Pb dating of pedogenic carbonates 

As pedogenic carbonates are common paleoclimate and paleoenvironmental proxy 

materials direct dating of carbonates has a huge potential for improving the timing of 

climatic events (e.g., Rasbury et al., 1998). We acquired Uranium–Pb ages in situ on 

polished thick section of two pedogenic carbonate nodules (samples 11-KM-124 and 11-

KM-122) by laser ablation sector field ICP-MS at Goethe University Frankfurt using a 

modified method previously described in Gerdes and Zeh (2006, 2009). Uranium, 

thorium and lead isotopes were analyzed using a Thermo-Scientific Element 2 coupled to 

a Resolution S-155 (Resonetics) 193 nm ArF Excimer laser (CompexPro 102, Coherent) 

equipped with a two-volume ablation cell (Laurin Technic, Australia). Samples were 

ablated in a helium atmosphere (0.6 l/min) and mixed in the ablation funnel with 0.7 

l/min argon and 0.03 l/min nitrogen. Static ablation used a spot size of 235µm and a 

fluence of < 1 J cm-2 at 8 Hz. For the standard material SRM-NIST 614 this setup yielded 

a depth penetration of about 0.5µm s-1 and an average sensitivity of 280,000 cps/µg g-1 

for 238U. The detection limit for 206Pb and 238U was ~0.5 and 0.03 ppb, respectively. Each 

analysis consists of 20s background acquisition followed by 20s of sample ablation and 

20s washout. Prior to analysis each spot was pre-ablated for 3s to remove surface 

contamination. Soda-lime glass SRM-NIST 614 was used as a reference glass together 

with 2 carbonate standards to bracket sample analysis. Raw data were corrected offline 

using an in-house MS Excel© spreadsheet program (Gerdes and Zeh, 2006, 2009). 

Following background correction, outliers (±2σ) were rejected based on the time-resolved 
207Pb/206Pb and 206Pb/238U ratios. The 207Pb/206Pb ratio was corrected for mass bias (0.6 

%) and the 206Pb/238U ratio for inter-element fraction (~5 %), including drift over the 

sequence time, using SRM-NIST 614. Due to the carbonate matrix an additional off-set 

factor of 0.921 has been applied, which was determined using WC-1 carbonate reference 

material dated by TIMS (251 ±2 Ma; E.T. Rasbury, pers. comm., 2014). Repeated 

analyses (n=24) of a Zechstein dolomite (Gypsum pit, Tettenborn, Germany) used as 

secondary (in-house) standard yielded a lower intercept age of 257.0 ±4.7 Ma (MSWD: 

1.3), implying an accuracy and repeatability of the method of ~2 %.  
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4. Results 

∆47 values of pedogenic micritic carbonate in soil nodules and pedogenic mudstone range 

from 0.654 ‰ to 0.685 ‰, translating into temperatures of 32.2 °C to 19.4 °C (Fig. 2a; 

Appendix Tabs. A2.6 and A2.7). Each soil carbonate sample was analyzed 4 to 6 times 

and in general external standard errors for replicate measurements range from 0.002 ‰ to 

0.006 ‰, which translate into temperature errors of 0.8 °C to 3.2 °C. Reproducibility of 

measurements was very good and all analyzed samples were included in this study. Only 

one sample (11-KM-116) yielded a larger standard error (0.013 ‰ = 5.1 °C) for the mean 

∆47 value after six replicate measurements. The large(r) spread in this particular sample 

may result from (1) short and long term variations of mass spectrometric parameters, (2) 

heterogeneities in the phosphoric acid reaction environment, and (3) non-homogeneities 

in the clumped and bulk isotopic compositions of sample.  

In the lower 15 m of section ∆47 temperatures of disseminated pedogenic carbonate are 

20.6 °C ±5.1 °C (at 4.2 m of section) and 23.2 ±3.2 °C (12.8 m) and are thus 

indistinguishable from ∆47 temperatures of coexisting pedogenic carbonate nodules (22.0 

°C ±1.7 °C and 22.9 °C ±0.8 °C at 12.9 m). Up-section there is a clear increase in 

temperature to maximum temperatures of 29.5 °C ±1.9 °C and 32.2 °C ±2.7 °C at 17.1 m 

and 21 m, respectively, followed by a drop of about 11 °C to temperatures between 21.2 

°C ±1.9 °C (23.9 m) and 19.4 °C ±2.2 °C (27.1 m). Since pedogenic carbonate nodules of 

the two most prominent nodular bands in the studied section (at 12.9 m and 14.6 m to 

15.7 m, respectively) reveal an internal variability in their oxygen isotopic composition 

(Appendix Tab. A2.2), we obtained two ∆47 temperatures from the same nodule. Sample 

11-KM-122A and sample 11-KM-122B yield temperatures of 22.0 °C ± 1.7 °C (mean 

δ
18O of 18.6 ‰, n=5) and 22.9 °C ± 0.8 °C (mean δ18O of 14.8 ‰, n=4), respectively, and 

are thus indistinguishable from each other in terms of their temperature record. 

δ
18O and δ13C values as well as carbonate contents (%CaCO3) (Figs. 2b and 2c; Appendix 

Tabs. A2.1 and A2.2) in the paleosols corroborate the overall pattern of low δ18O and 

elevated δ13C values in Eocene paleosols of the western United States (e.g., compilation 

in Chamberlain et al., 2012). Collectively, δ18O and %CaCO3 data show a broadly similar 

pattern with low %CaCO3 corresponding to low δ18O values and vice versa. Within 0-8 m 

of section mean δ18O values of pedogenic carbonate are low (12.0 ‰ to 12.9 ‰). A major 

positive shift occurs at 10.3 m of section with δ18O values reaching 18.7 ‰ and with 

highest %CaCO3 values of ~47 % at 12.8 m, followed by a rapid drop in δ18O and 

%CaCO3 values between 12.8 m and 14.4 m with ∆(δ18O) = -6.4 ‰ and ∆(%CaCO3) = -

25 %, respectively. Relatively low carbonate contents in the paleosols (22 ±4 %) and δ18O 

values of 12.3 ‰ to 12.8 ‰ characterize the high-∆47 temperature interval (17-21 m). Up-

section (21.0-22.9 m), δ18O values and %CaCO3 increase to 19.2 ‰ and 42 %, 
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respectively, marking a second shift of ∆(δ18O) = +6.4 ‰ and ∆(%CaCO3) = +20 % 

coinciding with a major drop in ∆47 temperatures. After reaching maximum δ18O values 

(19.4 ‰ between 22.9-27.1 m), δ18O values remain at 14-16 ‰ with %CaCO3 values at 

about 40 %. Calculated soil water δ18O values based on the individual ∆47 temperatures 

range from -9.7 ‰ to -16.9 ‰ (Appendix Tab. A2.9).  

Nodules used for U-Pb analysis (n=2) were sampled slightly below (12.9 to 14.6 m) the 

detected temperature excursion in the Dell section. Using laser spot sizes of 213 µm a 

combination of matrix carbonate, calcite inclusions in the nodule (sample 11-KM-124; 

n=61 U–Pb laser spot analyses) and syngenetic fracture fills (sample 11-KM-122; n=55 

U–Pb laser spot analyses) provided adequate spread in the parent-daughter isotope ratio to 

allow calculation of U-Pb ages (Fig. 3; Appendix Tab A2.8). Analyzed fracture fills occur 

only within the nodule (not cross-cutting it) and are interpreted as syngenetic desiccation 

cracks (see discussion below). U-Pb ages of 39.5 ±1.4 Ma (sample 11KM-124 at 14.6 m 

of section; Fig. 3a) and 40.1 ±0.8 Ma (11KM-122, 12.9 m; Fig. 3b) are identical within 

analytical uncertainty. U-Pb data were plotted in Tera-Wasserburg diagrams and ages 

were calculated as lower intercepts using Isoplot 3.71 (Ludwig, 2007; uncertainties are 

reported as 2σ). 

5. Discussion 

5.1. Soil carbonate formation and ∆47 temperatures 

Soil temperatures in central Montana increase rapidly by ca. 9 °C from 23.2 °C ±3.2 °C 

(12.8 m) to maximum temperatures of 32.2 °C ±2.7 °C (21.0 m) before they drop by ~11 

°C (Fig. 2a). This soil temperature excursion occurs over a brief interval of only 11 m of 

section (12.8-23.9 m) and is accompanied by low CaCO3 contents in the paleosols and 

low δ18O values in nodular and disseminated pedogenic carbonate (Fig. 2).  

The near-surface temperatures (ranging from 19.4 ±2.2 °C to 32.2 °C ±2.7 °C) recorded 

in both carbonate nodules and pedogenic mudstone document that the analyzed carbonate 

component formed within the soil column and did not experience any late-diagenetic 

overprint. In addition, the observed temperature excursion occurs within only ~11 m of 

section without any discernable change in lithology, diagenesis or fluid flow and is thus 

difficult to explain by means of localized non-pedogenic alteration processes. Further, the 

U-Pb ages show that the inner parts of the (septarian) nodules formed at ~40 Ma and thus 

at the estimated time of sediment deposition based on vertebrate fossils and 

paleomagnetic data (Tabrum et al., 1996) and not as a consequence of late-diagenetic 
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processes. Therefore, we exclude diagenesis to have played a role in setting the ∆47 

carbonate formation temperatures.  

Soil carbonate formation typically occurs when soils dewater during warm and dry 

periods and requires arid to semi-arid (typically <800 mm/a), in some cases sub-humid or 

monsoonal climates accompanied by precipitation seasonality (e.g., Breecker et al., 

2009). Consequently, ∆47 temperature information in pedogenic carbonates might be 

biased towards warm month mean temperatures (WMMT; e.g., Hough et al., 2014; 

Passey et al., 2010; Peters et al., 2013; Quade et al., 2013) or, if soil dewatering occurs in 

non-summer months may be closer to mean annual air temperatures (MAAT; e.g., Peters 

et al., 2013).  

Quantifying how much of the observed variability in soil temperatures (a) is the result of 

global or local temperature change (e.g., by surface elevation change), (b) may be due to 

the timing of carbonate formation during marked seasonality, or (c) reflects changes in 

soil carbonate formation depth remains challenging. Major drainage reorganization, 

related to topographic adjustments of a high-elevation plateau upstream of the Sage Creek 

Basin (Chamberlain et al., 2012; Mix et al., 2011), already occurred at about 49 Ma 

resulting in low δ18O of regional precipitation (Carroll et al., 2008; Kent-Corson et al., 

2006) prior to the middle Eocene. In contrast, the δ18O excursion of up to -6 ‰ at about 

40 Ma in the Dell Beds record is (a) not unidirectional and (b) too rapid to be explained 

by surface elevation changes and thus requires alternative explanations including 

modification of local soil temperature and/or atmospheric circulation patterns and 

associated changes in δ18O values of precipitation over southwestern Montana.  

Paleotopography and paleoclimate modeling studies reveal the presence of an Eocene 

plateau spanning western North America at times of a monsoonal climate with a summer 

precipitation season (Chamberlain et al., 2012; Huber and Goldner, 2012; Feng et al., 

2013; Sewall et al., 2000). Thus, soil dewatering and carbonate formation were likely to 

occur during or shortly after the main summer rainfall season. ∆47 carbonate formation 

temperatures are significantly higher when compared to modeled (7.3 °C, Feng et al., 

2013) and calculated (13.4 °C, Mix et al., 2011) MAAT, consistent with warm season soil 

carbonate formation. We thus consider it unlikely that the major part of the temperature 

shift is due to changes in carbonate formation seasonality biased towards warmer summer 

months alone.  

Differences in seasonality and depth of carbonate formation occur mainly through 

changes of the precipitation season and precipitation amounts (e.g., Breecker et al., 2009; 

Retallack, 2005) with a positive correlation between precipitation amount and depth of 

the carbonate accumulation horizon, Bk (Retallack, 2005). We exclude reduced soil 

carbonate formation depths as the main driver for the high ∆47 temperature interval, 
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because estimates of Bk depth from the Dell Beds lack pronounced perturbations 

throughout the section (Retallack, 2007) and contemporaneous low δ18O and low 

%CaCO3 values argue against increasingly evaporative conditions, which we would 

expect for upper soil horizons at soil temperatures exceeding 30 °C. Even though low 

δ
18O values and low CaCO3 contents characterize the high-∆47 temperature interval (12.8-

23.9 m), the former do not correlate with ∆47 temperatures (Fig. 2) on the scale of the 

entire section thus excluding soil temperature changes as the sole driver for δ18O changes 

in the pedogenic carbonate.  

Further, the effect of lowering carbonate δ18O values by increasing soil temperature (and 

thus fractionation) is minor (~0.25 ‰/°C; Kim and O’Neil, 1997) and is typically 

balanced by the effects of temperature on precipitation δ18O values (e.g., Rozanski et al., 

1993) and soil evaporation, both increasing soil carbonate δ18O (e.g., Cerling and Quade, 

1993). Thus, major changes in the hydrological cycle and the atmospheric circulation 

pattern are required to explain the warm, low-δ18O/low-%CaCO3 interval.  

5.2. Timing of soil carbonate formation 

U-Pb ages of 39.5 ±1.4 Ma and 40.1 ±0.8 Ma indicate a middle Eocene age for soil 

carbonate formation. As the dated fracture fills represent syngenetic desiccation cracks, 

which formed during drying processes in the paleosols, we suggest that these fractures 

were filled during nodule formation consistent with very early crystallization and growth 

of the dated calcite nodules. A much earlier formation of the nodules (and hence 

sedimentation age of the Dell Beds) compared to the U-Pb ages of the (septarian) fracture 

fills is precluded by the occurrence of late Uintan (~43 to 40 Ma) mammal fossils 

(Tabrum et al, 1996) in the sedimentary sequence. The U-Pb ages are further in perfect 

agreement with paleomagnetic and biostratigraphic (vertebrate fossils) studies and now 

provide the first direct geochronological evidence supporting a middle Eocene age of the 

Dell Beds (Tabrum et al., 1996): Based on North American Land Mammal Ages, the 

upper part of the Dell Beds (Hough Draw local fauna, which includes 19 mammalian 

taxa) is assigned to be latest Uintan (Tabrum et al., 1996), which is set to 42.8-40.0 Ma 

(Ui3, late Uintan; after Woodburne, 2004). A paleomagnetic section (~ 40 m of 

continuous section) was measured at the sampling locality by D. R. Prothero in 1987 

(cited in Tabrum et al., 1996) and despite two samples the entire section is of reversed 

polarity. We relate our sampled section to the paleomagnetic data by tying the top of both 

sections that is marked by a massive paleosol at the contact to the overlying Oligocene 

Cook Ranch member (Fig. 1c). Our composite section of about 50 m of Dell Beds 

expands further downward thus, covering a slightly larger time interval. Based on the 

local fossil fauna, the paleomagnetic section has been interpreted to correlate with the 
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later part of Chron C18r (Tabrum et al., 1996; C18r = 41.15 Ma to 40.15 Ma (GTS12; 

Ogg, 2012)). In summary, U-Pb ages, NALMA assignments and magnetostratigraphy 

collectively argue for a Middle Eocene age of this section centered around 40 Ma and 

hence overlapping with the time interval of the (marine) MECO warming event (at 40.0 

Ma; Bohaty et al., 2009).  

5.3. North American MECO temperature conditions  

Based on the U-Pb geochronology as well as magneto- and biostratigraphy we feel 

confident that the Dell Beds section analyzed here covers the MECO interval. Given the 

uncertainty of U-Pb geochronology, however, it is not possible to identify potential leads 

and lags between marine and terrestrial climate signals (Fig. 4). A comparison of 

pedogenic carbonate ∆47 data in Montana with marine MECO temperature records shows 

that North American middle Eocene ∆47 temperatures display typical MECO 

characteristics (Fig. 4): Benthic foraminifera δ18O, Uk
37 and TEX86 proxy records and 

continental ∆47 temperatures exhibit a transient temperature increase towards MECO peak 

conditions, followed by a large temperature decline at the termination of the MECO 

event. The magnitude of terrestrial temperature change (9-11 °C), however, is strongly 

amplified when compared to the deep-sea records (3-6 °C; Bijl et al., 2010; Bohaty et al., 

2009), consistent with a higher continental temperature sensitivity. In the absence of 

evidence for another middle Eocene climate extreme of similar duration and magnitude in 

the 41-40 Ma time interval we have therefore chosen to correlate the timing of the marine 

and terrestrial records. The combined records document that a) western North American 

soil temperatures experienced a protracted large magnitude (+9 °C) temperature increase 

followed by a rather rapid drop in temperatures (-11 °C) and b) the MECO had a clear 

impact on mid-latitude terrestrial climate by strengthening the hydrological cycle 

(inducing low δ18O values of soil water and ultimately precipitation) in continental 

western North America, which contrasts recent suggestions that global warming 

facilitates drier conditions in mid-latitude settings (Sherwood and Fu, 2014). Compared to 

the younger post-MECO interval, low paleosol CaCO3 contents and low carbonate δ18O 

values during the MECO, argue against enhanced evaporation under elevated 

temperatures, but indicate rather semi-arid to sub-humid conditions and ultimately 

enhanced water vapor transport into the continental interior and a strengthened 

hydrological cycle (e.g., Allen and Ingram, 2002) during MECO warming. A 

strengthened hydrological cycle during the MECO is consistent with paleoenvironmental 

data from marginal marine basin sites (e.g., Boscolo Galazzo et al., 2013; Spofforth et al., 

2010; Witkowski et al., 2012). Such continental-scale intensification of the hydrological 

cycle may hence be a typical characteristic of climate warming during hyperthermals 

(e.g., PETM; Bowen et al., 2004; Huber and Sloan, 1999) and is consistent with elevated 
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δ
18O values immediately prior and after the MECO interval in central Montana (Figs. 2 

and 4). The rapid post-MECO increase in pedogenic CaCO3 content further points to 

enhanced levels of aridity, which is in good agreement with (a) regional paleobotanical 

evidence indicating cooling and drying (climatically and orographically induced) during 

the middle Eocene (e.g., DeVore and Pigg, 2010), and (b) post-MECO mid-latitude 

cooling and aridification in the northern hemisphere (Bosboom et al., 2014). 

6. Conclusion 

Collectively, our data indicate that we identified the Middle Eocene Climatic Optimum in 

western North America and hence the first terrestrial isotopic evidence for MECO 

warming through integration of U-Pb dating of pedogenic carbonate, stable isotope, and 

clumped isotope records. ∆47 temperature data of pedogenic carbonates from the middle 

Eocene terrestrial Dell Beds (Montana, USA) reveal a hyperthermal event with a 

temperature excursion of +9 °C during the MECO. The MECO in this high-elevation 

North American site is characterized by low δ18O values and reduced pedogenic 

carbonate concentrations in the terrestrial record. Large and rapid shifts of δ18O values 

and CaCO3 contents in concert with temperature changes require profound changes in the 

atmospheric circulation pattern in western North America.  

The MECO interval is marked by warm and semi-arid to sub-humid conditions, whereas 

cooler and drier climatic conditions including aridification in northern hemisphere are 

likely for the post-MECO interval (e.g., Bosboom et al., 2014). We suggest that, in 

conjunction with regional surface uplift, transient warming and subsequent global cooling 

at the end of MECO played a crucial role in modifying mid-latitude rainfall patterns in 

the hinterland of the North American Cordillera. This analysis highlights the finding that 

western North America appears to get wetter during times of global warming. Our 

observation is consistent with studies of the PETM that show an intensification of the 

hydrologic cycle during this warm period (e.g., Huber and Sloan, 1999; Bowen et al., 

2004). It further resembles the warm Pliocene of western United States in which there 

may have been background El Nino-like conditions that caused the western US to become 

wetter (Winnick et al., 2013). These observations would have important implications with 

regard to the amount and distribution of precipitation in the northern hemisphere mid-

latitudes during warming, and suggest that it may become wetter, at least in some areas 

(c.f., Chou et al., 2013; Pound et al., 2014), rather than drier in the future (c.f., Sherwood 

and Fu, 2014). 
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Fig. 1. (A) Overview map of the western United States. Star marks the location of Fig. 

1b. (B) Geological map of SW Montana, USA, with sampling locality of the Upper Dell 

Beds, southern Sage Creek Basin. (C) Dell Beds at the Kay Draw locality. The sections 

are composed of a series of stacked paleosols. The section exposes the disconformable 

contact between the Dell Beds and the overlying Oligocene Cook Ranch member 

(Tabrum et al. 1996). (D) Composite section of the Dell Beds. Dots mark carbonate 

samples (orange for ∆47 samples), stars denote the samples for U-Pb dating. 
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Fig. 2. Stratigraphic, stable isotope, and clumped isotope record of the Dell Beds, 

Montana. (A) Clumped isotope (∆47) temperatures of pedogenic mudstones (squares) and 

nodules (circles) in [°C] with 2σ standard errors. n denotes the number of replicate 

measurements for each sample. (B) Carbonate content of pedogenic mudstone in [%]. (C) 

Oxygen [‰, VSMOW] isotope record. Colored symbols represent average values from 

individual measurements (grey). Stars and grey lines mark the position of U-Pb 

geochronology samples. 
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Fig. 3. Tera-Wasserburg diagrams of paleosol samples. (A) 238U/206Pb – 207Pb/206Pb plot 

of sample 11-KM-124 (at 14.6 m of section) yields an isochron age of 39.5 ±1.4 Ma with 

a MSWD (mean squared weighted deviates) of 0.89 and (B) 238U/206Pb – 207Pb/206Pb plot 

of sample 11-KM-122 (at 12.9 m of section) yields an isochron age of 40.1 ±0.8 Ma with 

a MSWD of 1.15. All uncertainties are reported at the 2σ level. 
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Fig. 4. Comparison of temperature estimates and δ18O values of the Middle Eocene 

Climatic Optimum in marine (A, B; adapted from Sluijs et al., 2013) and terrestrial 

records (C, D; this study). (A) UK
37 (blue) and TEX86 (purple) sea surface temperatures 

(SST) reflect 3-point running average (Bijl et al., 2010). (B) Benthic foraminifera δ18O 

data and corresponding ice-free temperatures from Southern Ocean ODP sites 738 

(orange) and 748 (red), adapted from Bohaty et al. (2009). (C) Clumped isotope (∆47) 

paleotemperatures of the Dell Beds with 2σ standard error. The terrestrial warming event 

is characterized by a transient increase in temperatures followed by a profound 

temperature drop after peak warming, which is similar to the first-order characteristics of 

the marine δ18O record. Our dating results (white dots) place the temperature excursion 

slightly after the marine MECO, however within error U-Pb geochronology permits the 

Dell Beds to cover the same time interval as the marine MECO records (see text for 

details). (D) δ18O values of soil water in [‰, VSMOW], calculated from carbonate δ18O 

values considering ∆47 temperatures and calcite-water oxygen isotope fractionation (Kim 

and O’Neil, 1997). 
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Abstract 

We present Eocene terrestrial oxygen (δ18O), carbon (δ13C), and strontium (87Sr/86Sr) 

isotope lake and paleosol records from two high elevation sites on the western North 

American plateau. These records represent terrestrial stable isotope evidence of the 

Middle Eocene Climatic Optimum (MECO) an enigmatic and rapid global warming event 

that interrupted protracted Eocene global cooling at around 40.0 Ma. Revised stratigraphy 

based on 15 40Ar/39Ar ages from air-fall and water-lain ash in the Elko basin (Nevada) 

places evaporative lake conditions followed by rapid (<150 ka) freshening and a large 

(14-15 ‰) negative shift in δ18O of lake water between 40.2 Ma and 39.4 Ma, right at the 

climax of MECO. Prior to MECO high δ18O and δ13C values in well-laminated organic-

rich shales are consistent with high evaporation-to-precipitation ratios, lack of lake 

overturn, persistent lake stratification, and moderate to high lake salinity. However, a 

step-wise large magnitude (>20 ‰) decrease in δ13C values already during the pre-MECO 

cooling phase, requires that in contrast to pre-MECO climate conditions, MECO 

temperature seasonality in western North America was sufficiently strong to (re-)establish 

regular lake overturn. The rate and magnitude of the rapid negative lacustrine δ18O shift 

during MECO in the Elko lake basin is inconsistent with a simple scenario of regional 

surface uplift affecting decrease of δ18O in precipitation and associated lake freshening. 

We consider the overall negative shift in δ18O of non-evaporatively 18O-enriched lake 

waters (-9.3 ±1.8 ‰) between the 42 to 43 Ma Elko Formation and the ca. 38 Ma base of 

the Indian Well Formation to be composed of a ca. 3 to 4 ‰ decrease in δ18O of lake 

carbonate as a consequence of post-MECO cooling and an additional ca. 5 to 6 ‰ 

decrease in δ18O of riverine lake input as a response to 43 to 38 Ma surface uplift. When 

combined with isotope-enabled global circulation model results, the Elko lake data further 

suggest that once critical elevations were attained a change in upstream moisture transport 

including strengthening of monsoonal summer rainfall on the (south-)eastern flanks of the 

Cordillera and a larger fraction of air parcel trajectories to the (eastern) lee of the 

Cordilleran highlands that had passed over the (western) continental interior were 

responsible for the rapid middle Eocene decrease in δ18O of precipitation in the central 

Cordilleran hinterland. 
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1. Introduction 

A series of short-term (104-105 a) hyperthermal events during the Early to Middle Eocene 

(e.g., Zachos et al., 2001, 2006; Galeotti et al., 2010) were characterized by high 

atmospheric CO2 concentrations and a 3 to 6 °C warming of surface and deep oceans (for 

example Lourens et al., 2005; Bohaty et al., 2009; Bijl et al., 2010). Lowering of carbon 

isotopic compositions and associated pH of the oceans (Zachos et al., 2005) and shoaling 

of the carbonate compensation depth suggests rapid release of low-δ13C methane 

(Dickens et al., 1997) or high atmospheric pCO2 (Bohaty et al., 2009; Bijl et al., 2010) as 

potential feedbacks and triggers in the ocean-atmosphere system, yet corresponding 

continental paleoclimate records are still sparse and consequences of such rapid warming 

for terrestrial ecosystems pretty elusive. 

Another first-order control on global atmospheric circulation is the topography of the 

world’s largest mountain ranges, especially for the mid-latitudes where the transience of 

equator-pole temperature gradients directly influences zonal moisture and heat transport. 

Model experiments highlight the role of western North American elevations on northern 

hemisphere atmospheric circulation and the resulting climatic teleconnections (e.g., 

Ruddiman and Kutzbach, 1989, 1990; Ruddiman and Prell, 1997; Seager et al., 2002). 

Stable isotope paleoaltimetry in the North American Cordillera (e.g., Horton et al., 2004; 

Mulch et al., 2007; Mix et al., 2011; Chamberlain et al., 2012; Lechler et al., 2013; Cassel 

et al., 2014; Fan et al., 2014) points to Eocene north-to-south reorganization of surface 

topography culminating in the assembly of a 3 to 4 km Eocene highland, whose 

construction was assisted by magmatism and mid-crustal extension, collectively calling 

for the convective removal of mantle lithosphere during the Early to Middle Eocene (Mix 

et al., 2011; Chamberlain et al., 2012). At the same time a transient global warming event, 

the ~40.0 Ma Middle Eocene Climatic Optimum (MECO) interrupted a period of 

protracted Eocene cooling (Bohaty and Zachos, 2003; Bohaty et al., 2009). Despite the 

importance of understanding such aberrations on global climate and resulting atmospheric 

circulation patterns we lack reliable terrestrial climate records from hyperthermal events 

when major reorganization of the global hydrological cycle and enhanced seasonality 

characterized continental precipitation patterns (e.g., Giusberti et al., 2007; Nicolo et al., 

2007). 

Here, we present lacustrine and pedogenic terrestrial stable isotope records from the 

western North American plateau region covering the MECO interval (ca. 42 – 38 Ma) 

when the surrounding landscapes experienced a major phase of volcanism and 

reorganization of surface elevations (Brooks et al., 1995; Horton et al., 2004; Henry, 

2008; Mix et al., 2011; Chamberlain et al., 2012). 
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Our analysis of two time-equivalent records from the western North American Cordillera 

suggests that oxygen (δ18O) and carbon (δ13C) isotope ratios in the Elko Basin (Nevada), 

reflect both global climatic changes associated with the MECO event and regional 

changes due to surface uplift within the western North American plateau. Results further 

highlight the sensitivity of high-elevation lacustrine δ18O and δ13C records to the 

combined effects of regional surface uplift and associated changes in rainfall patterns and 

highland hydrology. Not unexpectedly for continental interiors combination of these two 

processes may have far larger impacts on stable isotope ratios in precipitation than 

surface uplift alone. 

2. Statement of the Problem and Sampling Strategy 

Current stable isotope paleoaltimetry reconstructions propose that during the Eocene a 

major topographic readjustment occurred in western North America, with southward 

migrating surface uplift from British Columbia and eastern Washington at ~50 Ma to 

northeastern Nevada at ~40 to 38 Ma and southern Nevada at ~23 Ma (e.g., Mulch et al., 

2004, 2007; Huntington et al., 2010; Mix et al., 2011; Chamberlain et al., 2012; Gébelin 

et al., 2012; Lechler et al., 2013; Cassel et al., 2014). During this southward 

encroachment of an Eocene plateau (called SWEEP; Mix et al., 2011; Chamberlain et al., 

2012) the hinterland of the western Cordillera evolved from a modestly high region to 

more rugged topography with a hypsometric mean of ~4 km. The SWEEP model relies 

largely on an extensive oxygen and hydrogen isotope data set collected from numerous 

terrestrial basins in the western North America Cordillera (see compilation in 

Chamberlain et al., 2012). The topographic history of this Eocene highland is evident by 

the change to low-δ18O values of precipitation that are interpreted to reflect the increased 

distillation of 18O from air masses as they passed over laterally and vertically growing 

orographic barriers. In two locations on the Eocene highland this isotopic change has 

been captured within individual sections: One is located in the Sage Creek Basin of 

southwestern Montana (USA) in which paleosol carbonate shows a decrease of ~6 ‰ in 

δ
18O between 49 and 47 Ma (Kent-Corson et al., 2006, 2010). The associated change in 

δ
18O of river waters was transported eastward into the Green River basin of Wyoming as 

a result of large-scale drainage reorganization (Carroll et al., 2008; Doebbert et al., 2010). 

The other record originates from the Elko Basin of northeastern Nevada (USA) where a 

similar decrease in δ18O in lacustrine carbonate has been shown to occur over about 10 

m.y. from 40 to 30 Ma (Horton et al., 2004). Subsequently, it has been argued that these 

changes in δ18O are too large and too rapid to have been the result of surface uplift alone 

but rather reflect a switch from southerly-derived monsoonal precipitation to westerly-
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derived air masses as the growing plateau reached critical threshold dimensions 

(Chamberlain et al., 2012). 

A potential complication with this interpretation rests with the fact that during this time 

interval Earth’s climate was punctuated by a series of global hyperthermal events. The 

large negative δ18O shift in the Sage Creek Basin between 49 and 47 Ma occurs (within 

the uncertainty of the geochronological data) at the end of the Early Eocene climatic 

optimum (53 – 49 Ma) at the onset of substantial global cooling (Zachos et al., 2001, 

2008). This general cooling trend was interrupted by the transient ca. 500 ka MECO 

warming event at ca. 40 Ma (Bohaty and Zachos 2003; Bohaty et al., 2009), which is 

within dating error of the lacustrine δ18O shift that occurs in the Elko Basin (see below). 

How are these global climate events, particularly MECO, expressed in the North 

American lacustrine and pedogenic high-elevation δ18O and δ13C records and what were 

the roles of regional surface uplift and climate change, respectively, in the western North 

American Cordillera in setting δ18O values of precipitation? 

To address this question we measured sections in the age range of ca. 40 Ma in both the 

Sage Creek (MT) and Elko (NV) basins (Fig. 1), sampled lacustrine (Elko) and pedogenic 

(Sage Creek) carbonate at the dm-level for δ18O, δ13C, trace and major element, and 
87Sr/86Sr isotopic analysis, and obtained high-resolution 40Ar/39Ar ages from tuffs and 

ashes from the Elko Basin. 

3. Geologic setting and stratigraphy 

The Sage Creek and Elko basins are either intermontane (Montana) or lie within the 

Sevier hinterland (Nevada) of the western North American Cordillera (Fig. 1). This area 

experienced protracted thin-skinned crustal shortening since the Cretaceous (e.g., Sonder 

and Jones, 1999; DeCelles, 2004) and was likely characterized by thick (40-50 km; e.g., 

Best et al., 2009) and hot (Rey et al., 2009) crust during the Paleocene/Eocene. Both 

basins developed during the Eocene and from this highland they drained to the east into 

foreland basins within the current Rocky Mountains (e.g., Janecke et al., 2000; Carroll et 

al., 2008; Davis et al., 2009). 

The Eocene Elko lacustrine and paleosol δ18O record comprises two individual sections 

that include the Cherty Limestone unit, the Elko Formation (Fm.), and parts of the Indian 

Well Formation. A continuous exposure shows that deep(er)-water facies of the Elko 

Formation are in unconformable contact with the base of the overlying fluvio-lacustrine 

Indian Well Formation (Smith et al., 1976) and analyzed samples include fine-grained 

disseminate lacustrine carbonate (Elko Fm. shale and siltstone; Fig. 2A), lacustrine and 

fluvial carbonate either disseminated or as cement (lower Indian Well Fm.; Fig. 2B) and 
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pedogenic carbonate (upper part of the Indian Well Fm.). The lacustrine Cherty 

Limestone is a poorly-stratified limey shale with abundant chert beds and nodules. 

Detailed comparison of chert nodules and primary lacustrine carbonate has documented 

the absence of carbonate recrystallization in the Cherty Limestone unit (Abruzzese et al., 

2005). This unit grades into the overlying Elko Formation that consists of fine-grained 

lacustrine turbidite sandstone beds and calcareous shales (Fig. 2A). Sandstone beds 

become increasingly abundant up-section. The presence of a few fluvial sandstone beds 

near the top of the section indicates that lake levels may have dropped with time. 

Abundant volcanic air-fall and reworked ash layers appear more frequently starting at 

about 60 m of section and comprise almost the entire top-60 m (95–155 m) of the section 

(Fig. 3). The overlying section contains the base of the stratigraphically younger Indian 

Well Formation. We have not found the contact of the Elko and Indian Well formations in 

outcrop but based on our 40Ar/39Ar geochronology results (see below) we estimate the gap 

between the two sections to be no more than ca. 600 ka in duration. The base of the 

Indian Well Formation (0–20 m in Fig. 3) consists of conglomerate and sandstone, 

containing angular and rounded tuff clasts and basement sedimentary rocks (Fig. 2B; see 

description by Smith et al., 1976) within a tuffaceous matrix. Up-section these 

conglomerate units grade into abundant siliceous ashes interbedded with fluvial sandstone 

and siltstone, the latter containing abundant paleosols in the upper part of the Indian Well 

Formation (30–120 m in Fig. 3). 

We measured δ18O and δ13C values in pedogenic carbonate of Eocene Dell Formation 

siltstone and mudstone units of the Sage Creek Basin (see description of Tabrum et al., 

1996). The Dell Formation unconformably overlies the Eocene Sage Creek Formation 

that contains the large-magnitude δ18O shift and associated sedimentologic evidence for 

surface uplift and change in stream base level (Kent-Corson et al., 2006, 2010). In the 

measured section (“Kay Draw”; Tabrum et al., 1996) the Dell Formation consists of 

fluvial tuffaceous mudstone with abundant paleosols. In the lower part of the section 

caliche horizons are abundant, whereas in the upper part of the section pedogenic 

carbonate primarily occurs as isolated nodules and disseminated fine-grained calcite. 

Paleomagnetic age assignments from these sections are given in Prothero (1995) and 

Tabrum et al. (1996). We have modified these to be consistent with the new age 

constraints on Chron C18r (40.1– 41.2 Ma; Cande and Kent 1995; Gradstein et al., 2012). 
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4. Results 

4.1. 
40

Ar/
39

Ar Geochronology 

We analyzed 15 biotite mineral separates from 8 samples of volcanic air-fall ashes 

intercalated in the Elko and Indian Well formations (Fig. 4; for analytical details and data 

table see tables 1 and 2 and Appendix) using either individual or multi-grain laser step 

heating techniques. 40Ar/39Ar age results are in good agreement with previous 

geochronological studies on eruption ages of various volcanic centers in the Nevada 

volcanic field, and our oldest samples EF-31-07 (41.6 ±0.4 Ma) and EF-32-07 (41.6 ±0.4 

Ma) overlap within error with the oldest dated volcanics in the NE Nevada volcanic field 

(41.1 ±0.1 Ma; Brooks et al., 1995). The youngest 40Ar/39Ar ages (between 38.4 ±0.3 Ma 

and 37.6 ±0.5 Ma) from the Indian Well Formation overlap within error with published 
40Ar/39Ar data (37.6 ±1.3 Ma; Smith et al., 1976) and provide more precise constraints on 

the onset of sedimentation and volcanic input in the Indian Well Formation. Our 40Ar/39Ar 

data are therefore in line with previous 40Ar/39Ar geochronology and provide additional 

information on the regional distribution of volcanic ashes throughout NE Nevada between 

41.6 Ma and 38.0 Ma. 

40Ar/39Ar release spectra indicate rapid cooling for all analyzed samples, and except for 

one reworked ash (EF-27-07) and one mineral split (EF-025-07), provide precise timing 

on deposition and lacustrine and pedogenic carbonate formation. According to our 
40Ar/39Ar data, deposition of the lacustrine Elko Formation turbiditic paper shales must 

have started prior to 41.6 ±0.4 Ma. Assuming a constant sedimentation rate of 50 m/m.y. 

for lacustrine sedimentation pushes the base of our Elko section to ca. 42.5 Ma. The 

presence of 46.1 Ma zircons in a volcanic ash layer in conglomerate stratigraphically 

below the Cherty Limestone formation (Haynes, 2003) thus brackets the timing of Cherty 

Limestone deposition to ca. 42.5 to 46.1 Ma (Fig. 3). The massive deposition of reworked 

ashes at the top of the Elko Formation occurred at least until 38.6 ±1.0 Ma (EF-25-07). 

As the base of the fluvial Indian Well Fm. is older than ca. 38.0 Ma (IW-03-07 and IW-

021-07) we are missing no more than ca. 600 ka of section between the two localities 

sampled for this study (Fig. 3). 

4.2. Stable Isotope and Element Geochemistry: Elko Basin (NV) 

Figure 3 shows the δ18O, δ13C, 87Sr/86Sr, [Sr], and Mg/Ca values for the measured section 

in the Elko Basin spanning MECO (Tab. 2 and Appendix). Several results follow from 

this combined stable isotopic and geochronological data set: 
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First, δ18O and δ13C values are high (δ18O = 25.5 to 30.9 ‰; δ13C = +6.1 to +11.6 ‰) in 

the lowermost 20 m of Elko Formation (ca. 42 Ma; Fig. 3). When compared to δ18O 

values in the underlying Cherty Limestone unit (δ18O = 18.5 to 25.9 ‰ at ca. 42-43 Ma; 

data from Horton et al., 2004) both data sets show an overall trend of increasing δ18O 

values, yet with significantly lower δ13C values in the Cherty Limestone unit (δ13C = -4.4 

to -1.7 ‰). Up-section δ18O and δ13C attain peak values between 25 m and 40 m of 

section (ca. 41-42 Ma) with δ18O = 28.9 to 31.2 ‰ and δ13C = +12.9 to +13.2 ‰. The 

first evidence of low-δ18O values (δ18O = 17.6 ‰; δ13C = -1.0 ‰) in the Elko lake system 

appears at 59 m of section (41.6 Ma) but δ18O values remain high (δ18O = 28.5 to 29.7 ‰; 

between 60-83 m) at 41.6 to ca. 40 Ma, whereas δ13C values decrease (δ13C = +7.0 to -0.8 

‰). Subsequently (85-95 m), we observe a strong and rapid decrease in both δ18O and 

δ
13C values to 17.3 to 14.4 ‰ and -8.2 to -5.6 ‰, respectively, at 39.4 Ma. After a 

transient increase at 98 to 110 m in the Elko Formation δ18O and δ13C values remain 

relatively low throughout the fluvio-lacustrine sandstone (δ18O = 9.0 to 13.0 ‰ and δ13C 

= -3.4 to -11.8 ‰ between 2 to 39 m) and pedogenic (δ18O = 11.5 to 14.6 ‰ and δ13C = -

2.9 to -4.7 ‰ between 54 to 110 m) intervals of the Indian Well Formation with the 

exception of a ~4 ‰ positive excursion in δ18O postdating 38.2 Ma (40–50 m). δ18O 

values continue to remain low as suggested by mid-Miocene paleosol samples from the 

stratigraphically higher Humboldt Formation (δ18O = 11.5 to 15.2 ‰ and δ13C = -2.6 to -

0.5 ‰; Fig. 3). 

Second, changes in δ18O in the lacustrine Elko Formation are accompanied by changes in 

Sr concentrations, [Sr], and Mg/Ca ratios. Mg/Ca ratios are high (>0.4) at the base of the 

Elko Formation and again around 39.4 Ma. The Mg/Ca ratios are taken as evidence for 

evaporative lake conditions and intermittent lake freshening immediately after 39.4 Ma 

(85–95 m) when Mg/Ca and δ18O values decrease rapidly. As such, the high δ18O (and 

δ
13C) values in those Elko Formation samples associated with high [Sr] and high Mg/Ca 

ratios most likely reflect strongly evaporative conditions in the lake and associated 

evaporative positive bias in lacustrine δ18O values. 

Third, we observe a large overall negative shift in non-evaporitic lacustrine δ18O values 

that occurs between 43 to 42 Ma (Cherty Limestone unit) and 38.6 to 37.8 Ma (transition 

to Indian Well Fm.). This negative shift in lacustrine δ18O values is best documented in 

non-evaporative lake carbonate samples with δ18O = 19.9 ±1.3 ‰ in the Cherty 

Limestone unit (42-43 Ma) (data from Horton et al., 2004, see samples CL-10 through 

CL-17), δ18O = 14.4 ‰ at the top of the Elko Formation (ca. 39.4 –38.6 Ma), and δ18O = 

10.6 ±1.2 ‰ in the lacustrine Indian Well Formation (ca. 38.2–37.8 Ma). We speculate 

that the intermittent low-δ18O value of 17.6 ‰ in the Elko Formation at ca. 41 Ma (57m) 



 

64 Chapter 3. Precipitation patterns during the Middle Eocene Climatic Optimum 

indicates the presence of episodic short-term lake freshening (and low-δ18O precipitation) 

in the Elko basin area. 

Fourth, 87Sr/86Sr ratios of lacustrine carbonate are indistinguishable between the Cherty 

Limestone unit (0.7079–0.7080) and the Elko Formation (0.7076–0.7085) and show a 

slight increase to (0.7085– 0.7087) in the Indian Well Formation. Collectively, these 
87Sr/86Sr data point to rather constant regional origin and sources of sediment (and 

riverine input) that were supplied to the Elko lake basin. The absence of more radiogenic 
87Sr/86Sr values, as observed in the Miocene Humboldt Formation (0.7092–0.7106), is 

consistent with lack of exposed basement such as the adjacent Ruby Mountain 

metamorphic core complex (Fig. 1B) during the Eocene. 

4.3. Stable Isotope Geochemistry: Sage Creek Basin (MT) 

δ
18O values between ~42 and ~40 Ma in pedogenic carbonate of the Dell Formation (Sage 

Creek Basin, Montana) are generally low (Fig. 5C). δ18O values range from δ18O = 12.2 

to 18.8 ‰ (δ13C = -4.5 to -2.4 ‰). Excluding a positive δ18O excursion between 10 and 

13 m where δ18O attains values of up to 18.8 ‰. δ18O averages 12.5 ±0.3 ‰ in the lower 

22 m of section. At 22 m δ18O values increase rapidly to ca. 18 ‰ and average 16.0 ±1.6 

‰ in the 22 to 40 m interval. 

In contrast to the lacustrine Elko Formation the 40.0 to 42.0 Ma pedogenic carbonate 

record from the Dell Formation does not show the marked overall negative trend 

observed in the Elko lake system at 40.0 to 39.3 Ma but rather two positive (~6 ‰) 

excursions in δ18O values of paleosol carbonate that bracket an interval of low-δ18O 

values and occur before and after the approximate age range of the MECO event (Figs. 

5B and 5C). Following the paleomagnetic results (Tabrum et al., 1996) and mammal 

biostratigraphy peak δ18O values at 22 to 29 m potentially postdate the climax of the 

MECO event, whereas the low δ18O values coincide with the upper part of chron C18r 

and hence the timing of MECO. 

5. Interpretation 

We interpret the combined δ18O, δ13C, major and trace element, and 87Sr/86Sr record of 

the Elko Basin to record both the surface uplift history of the region and the effects of 

global climate change associated with MECO. Disentangling the effects of these two 

competing processes on North American δ18O values in precipitation is not trivial, but our 

interpretation is as follows: 

Surface uplift in the Elko basin region based on stable isotope paleoaltimetry was 

postulated to have occurred between Middle Eocene and Early Oligocene time (Horton et 
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al., 2004). This view has recently been revised to a shorter time interval around ca. 40 

Ma, where the largest shift in δ18O values occurs in the lacustrine Elko Fm. (Chamberlain 

et al., 2012). However, these authors already recognized that the ca. 40 to ca. 39 Ma 

change in δ18O values was too large and too rapid to be the result of surface uplift alone. 

Therefore, they suggested that regional surface uplift caused a transition from southerly 

monsoonal sources of precipitation to more westerly-dominated Pacific moisture sources. 

5.1. 43 to 38 Ma Regional Surface Uplift 

Based on the data presented here the best constraint for determining the magnitude of 

Elko basin surface uplift based on δ18O in precipitation comes from a comparison of δ18O 

values in the non-evaporative part of the Cherty Limestone Formation (δ18O = 19.9 

±1.3‰ at 42–43 Ma) and the lacustrine/fluvial basal units of the Indian Well Formation 

(δ18O = 10.6 ±1.2 ‰ at ca. 38.2–37.8 Ma). Once combined these data indicate a large 

magnitude (∆18O = -9.3 ±1.8 ‰) decrease in lacustrine δ18O values within less than 4 to 5 

Ma as a response to regional surface uplift and cooling. We consider these δ18O carbonate 

values to be least affected by evaporation as indicated by their low [Sr] and Mg/Ca 

values. 

It is obvious, however, that the largest short-term change in δ18O ( ∆18O = 14-15 ‰) 

occurs between 40.2 Ma (δ18O = 29.1 ‰ at 73-80 m) and 39.4 Ma (δ18O = 14.4 ‰ at 84-

95 m of section; see Fig. 3 and Supplementary Material, http://earth.geology.yale.edu 

/~ajs/SupplementaryData/2015/04MulchTableS1.xlsx) and combines the effects of both, 

reduced lake evaporation and change to lower δ18O values in lake influx. Despite the fact 

that evaporative enrichment in 18O of lake water prior to 39.4 Ma artificially increases the 

observed difference in δ18O, a major readjustment in lake freshwater supply and low-δ18O 

water influx must have occurred very rapidly at around 40 Ma; a conclusion that is 

readily supported by the transition from a deeper water lake facies (Elko Fm.) to 

immature fluvio-lacustrine coarser-grained material in the Indian Well Formation. 

Three lines of evidence indicate that a significant fraction of the change in lacustrine δ18O 

values between 43 and 38 Ma (∆18O = -9.3 ±1.8 ‰) is the result of surface uplift and 

relief generation in the Elko Basin area: First, the Eocene Elko lake transitioned from an 

organic-rich, turbidite and shale facies into a fluvial system with massive amounts of 

reworked volcanics at the top of the Elko Formation and compositionally immature 

sandstones and conglomerates in the overlying Indian Well Formation. Such large 

changes in sedimentary environment are most likely associated with lowering of base-

level and increasing relief and topography as a result of local surface uplift. Similar 

changes in sedimentary style are observed in the Sage Creek Basin during surface uplift 

between 49 and 47 Ma (Kent-Corson et al., 2010) where the negative δ18O shift around 47 
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to 49 Ma is accompanied by fluvial down cutting, slope failure, and mass wasting 

processes (Kent-Corson et al., 2006, 2010). Second, the large magnitude negative shift in 

δ
18O values in the Elko Basin between 40.2 Ma and 39.4 Ma is not observed in the Sage 

Creek Basin of Montana and without any further evidence points to a local effect within 

the Elko lake system. Third, regional analysis of δ18O values of precipitation across 

western North America (Mix et al., 2011; Chamberlain et al., 2012) shows a migrating 

north-to-south pattern of negative shifts in δ18O values of precipitation from the Early 

Eocene to the Late Eocene and low δ18O values of precipitation are not observed south of 

about 40° latitude until about 40 Ma (see isotope maps in Chamberlain et al., 2012). 

5.2. 40 Ma MECO Climate Change 

If both global climate change and modification of regional relief and topography occurred 

at the same time, what were their competing effects in establishing the Elko lake record 

during the MECO event? Marine mid-Eocene records place the pre-MECO cooling phase 

(encompassing parts of chrons C19n and C18r) at 41.5 to 40.6 Ma and the MECO event 

(encompassing parts of chrons C18n.2n and C18r) at 40.6 to 40.0 Ma with peak warming 

at 40.0 Ma (e.g., Bohaty et al., 2009). Both events, therefore, overlap precisely with our 

terrestrial Elko (and Sage Creek) δ18O and δ13C records. 

Most notable in the Elko lake record during MECO is the persistence of strongly 

evaporative (high-δ18O) lake conditions while stepwise decreases in δ13C values 

characterize the pre-MECO cooling phase as well as the MECO event (Figs. 3 and 5A). 

Since persistent high-δ18O values and constant 87Sr/86Sr ratios rule out major increases in 

freshwater influx or changes in water source (and hence significant input of dissolved 

inorganic carbon (DIC) with different δ13C), decreasing δ13C values are most likely a 

reflection of changing δ13C of atmospheric CO2 and photosynthesis/respiration of aquatic 

plants as well as changing δ13C in DIC delivered from the near shore environments of the 

lake. We are unable to directly evaluate a possible atmospheric CO2 contribution to the 

lacustrine δ13C record. However, we propose that the extremely high δ13C values (δ13C = 

+6.2 to +13.2 ‰ between 5 and 45 m) reflect carbonate precipitation within the 

epilimnion of the lake most likely during warm-season algal blooms and 

contemporaneous burial of 13C-depleted organic carbon in a persistently stratified lake. It 

is not uncommon that the onset of anoxic bottom water formation in the hypolimnion 

effectively reduces the oxidation of organic matter thus causing higher δ13C of DIC and 

precipitated carbonate (e.g., Leng and Marshall, 2004). With the onset of pre-MECO 

cooling δ13C carbonate values decrease in two major steps (ca. 50 m and 65 m) by > 15 

‰ (25 to 83 m). The large magnitude of the decrease in lacustrine δ13C values requires a 

major change in lake dynamics, while at least during the MECO interval evaporative 
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(high-δ18O) lake conditions persisted. Our δ13C data therefore suggest that in contrast to 

pre-MECO climate conditions, MECO temperature seasonality was sufficiently strong to 

(re-)establish regular lake overturn. 

6. Discussion and conclusions 

Profound changes in the δ18O of meteoric water in the hinterland of the North American 

Cordillera occurred at the end of MECO in the Elko Basin. The similarity in timing of 

regional surface uplift, relief development, and transient warming renders a direct 

identification of the drivers of this change in δ18O of precipitation challenging. The δ18O 

and δ13C records presented here, however, depict a change in the precipitation patterns in 

western North America that are reflected in low δ18O values in both lacustrine (Elko 

basin) and pedogenic (Sage Creek basin) carbonate records during MECO. 

During and immediately following MECO vast areas of the western North American 

Cordillera experienced an intense period of calc-alkaline volcanism (Best et al., 2009) and 

surface uplift (Mix et al., 2011) as the region transitioned from a moderately high plateau 

to more rugged topography with peaks reaching 4000 m (e.g., Mulch et al., 2006; Cecil et 

al., 2010; Chamberlain et al., 2012). We have captured the associated transition in 

sedimentary style and the δ18O record in the Elko Basin presented here, but its impact is 

also present in other nearby intermontane basins, as well as in the foreland basins to the 

east (Davis et al., 2009; Chamberlain et al., 2012). Thus, the Elko δ18O and δ13C records 

do not solely reflect a global climatic event but more likely respond to both, a change in 

surface uplift and a resultant change in the regional climate and precipitation patterns. 

The modern climate system of the western United States largely consists of the 

interaction of two air masses. One brings westerly-sourced moisture from the Pacific 

during the winter months whereas southerly-sourced moisture from either the Gulf of 

Mexico and/or the Gulf of California dominates the summer months (Bryson and Hare, 

1974). Summer precipitation delivered to the western United States/Basin and Range to 

first order reflects the impact of the North American monsoon system (NAMS; Higgins et 

al., 1997). Climate modeling studies highlight the integral role of the NAMS in the 

climate system during the Cretaceous (Poulsen et al., 1999) and the early Paleogene 

(Huber and Sloan, 1999; Sewall and Sloan, 2006; Fricke et al., 2010; Feng et al., 2013). 

During this period of global warmth the NAMS was supposedly stronger across western 

North America advecting abundant summer moisture from the regionally more extensive 

Mississippi Embayment and the Gulf of California. In contrast, Eocene stable isotope 

proxy data and isotope-enabled GCM experiments both indicate that the northward 

penetration of the NAMS with westerlies that bring precipitation with high-δ18O values 

during the summer months to the Basin and Range had been suppressed during the 
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Eocene (Chamberlain et al., 2012; Feng et al., 2013). Isotope-enabled GCM experiments 

document that progressive north-to-south surface uplift along the western North 

American Cordillera resulted in a) strengthening of monsoonal summer rainfall patterns 

on the (south-)eastern flanks of the Cordillera and b) a change in upstream moisture 

transport with a much larger fraction of air parcel trajectories to the (eastern) lee of the 

Cordilleran highlands that had passed over the (western) continental interior (Feng et al., 

2013). Both phenomena, progressive rainout along the eastern flanks of the Cordillera and 

Pacific-derived moisture with long continental transport paths are very likely to produce 

low-δ18O precipitation in the Elko Basin area. Based on these climate modeling results, 

the rapid and large magnitude change in δ18O of the Elko lake basin (and ultimately in 

riverine δ18O input) documented here is best explained by a rapid change in atmospheric 

moisture transport: In such a setting, air parcel trajectories changed from predominantly 

westerly-derived moisture sources to more continental atmospheric circulation patterns 

and 18O-depleted precipitation once regional surface uplift had attained threshold 

conditions (switch from ‘Central Highlands’ case to ‘Southern Highlands’ case in Feng et 

al., 2013) important enough to affect atmospheric circulation over western North 

America. 

In contrast to the Elko basin, where changes in atmospheric circulation (and air mass 

trajectories), global climate change (MECO) and changes in surface elevation temporally 

coincide, the ca. 40 Ma Sage Creek record displays a much simpler pattern; mainly 

because surface uplift of this region occurred prior to 42 to 40 Ma (e.g., Kent-Corson et 

al., 2006; Mix et al., 2011; Chamberlain et al., 2012). Based on the available 

magnetostratigraphy and mammalian biostratigraphy the best match with the MECO time 

interval is the low-δ18O interval (with δ18O = 12–13 ‰) at ca. 15 to 20 m of section. In 

contrast to the large magnitude decrease in δ18O of the Elko lake system, pedogenic 

carbonate at these more northerly latitudes records the combined impacts of MECO 

temperature and precipitation change, independent of major readjustments in surface 

elevation of the region. At both sites, however, upstream (that is en route to the site of 

precipitation) atmospheric circulation and precipitation patterns are key in understanding 

the interactions among surface uplift, climate change and atmospheric circulation 

dynamics (e.g., Feng et al., 2013). 

In the following we attempt to attribute changes in Elko lacustrine δ18O values to either 

the effects of surface uplift or post-MECO global cooling. If the intermittent low-δ18O 

values (17.6 ‰) immediately after 41.6 Ma reliably record freshening conditions in the 

Elko Formation prior to MECO, the lowest post-MECO Elko Formation δ18O values of 

14.4 ‰ indicate that roughly 3 to 4 ‰ of the total -9.3 ±1.8 ‰ 43 to 38 Ma decrease in 

lacustrine δ18O values is due to the effect of post-MECO cooling and decreasing strength 
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of the NAMS between 40 and 39 Ma as recorded in the Elko lake. Such a 3 to 4 ‰ 

decrease in δ18O values of precipitation is in very good agreement with paleoclimate 

modeling studies suggesting δ18O values of precipitation about 4 ‰ lower when going 

from rather warm (MECO-type) to cooler post-MECO climate conditions (Poulsen and 

Jeffery, 2011). If the estimate of post-MECO cooling on δ18O values of precipitation is 

correct, then the remaining 5 to 6 ‰ of the total -9.3 ±1.8 ‰ change in δ18O between 

non-evaporatively enriched samples of the Cherty Limestone (δ18O = 19.9 ±1.3 ‰ at 42-

43 Ma) and the lacustrine/fluvial Indian Well formations (δ18O = 10.6 ±1.2 ‰ at ca. 38.2 

to 37.8 Ma) would reflect the effects of surface uplift on oxygen isotopes in precipitation. 

Given that δ18O lapse rates in such intracontinental environments can be highly variable 

(e.g., Lechler and Niemi, 2011) and single-site paleoaltimetry reconstructions vulnerable 

to the competing effects of surface uplift and upstream changes in low elevation δ18O of 

precipitation (e.g., Feng et al., 2013) we can only speculate about the magnitude of 

corresponding surface uplift. However, given the effect of warm climates on δ18O of 

precipitation -elevation relationships (e.g., Poulsen and Jeffery, 2011) an elevation gain at 

or upstream of the site of precipitation on the order of 1.5 to 2.5 km is not unrealistic. 

Whether this surface uplift occurred within central Nevada or within the ranges that 

delimited the Great Basin along the eastern flanks of the Cordillera cannot be solved by 

single-site stable isotope data alone. In conjunction with isotope-enabled GCM 

experiments (Feng et al., 2013), however, the data presented here strongly suggest that at 

ca. 43 to 40 Ma height and width of the Cordilleran highlands at latitudes as far south as 

central Nevada attained the necessary threshold conditions to deflect Pacific-derived air 

masses and reconfigure atmospheric circulation over western North America. 

Independent of surface uplift scenarios, evidence for re-establishment of (seasonal?) lake 

overturn in the Elko δ13C record suggests that during MECO North American terrestrial 

climate was seasonal with marked summer-winter temperature differences. Further 

deconvolution of the effects of surface uplift and global cooling will require proxies 

independent of lake dynamics, such as plant waxes or additional pedogenic records that 

more directly trace the δ18O / δ2H of precipitation in the Elko Basin during the Eocene. 
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Tables 

Tab. 1. 40Ar/39Ar geochronological data – Summary. 

Sample Material Stratigraphic position 

Depth from base (m) 

40Ar/39Ar 

Age (Ma) 

+/- 

(Ma) 

Comments 

IW-21-07 biotite 21 38.00 0.40 plateau 

 biotite  38.40 0.30 plateau 

average   38.2 0.6  

IW-03-07 biotite 3 37.60 0.50 plateau 

 biotite  38.00 0.40 
total gas age (no 

plateau) 

average   37.8 0.6  

EF-25-07 biotite 123 38.20 0.50 plateau (2 steps) 

 biotite  38.90 0.90 forced plateau 

   40.90 0.60 
excluded from average; 

reworked grains 

average   38.6 1.0  

EF-27-07 biotite 155 40.70 0.30 plateau 

 biotite  39.90 0.30 plateau 

 biotite  40.60 0.30 forced plateau 

average   40.4 0.5 reworked 

EF-28-07 biotite 84 39.60 0.50 plateau 

 biotite  39.10 0.40 
total gas age (no 

plateau) 

average   39.4 0.6  

EF-29-07 biotite 71 40.2 0.3 plateau 

EF-31-07 biotite 59 41.6 0.4 plateau 

EF-32-07 biotite 45 41.6 0.4 plateau 

Full 40Ar/39Ar geochronological data set is given in supplemental data Table A3.1 and 

http://earth.geology.yale.edu/_ajs/SupplementaryData/2015/04MulchTableS1.xlsx 

 

 



 

 

Tab. 2. δ18O, δ13C, Ca/Mg, [Sr] and 87Sr/86Sr data. 

Sample  
Depth 

from base  
Lithology δ

18O δ
13C Mg/Ca Sr 87Sr/86Sr Coordinates Comment 

 
(m) 

 
(‰) SMOW 

(‰) 

PDB  
(ppm) 

 
lat long  

Humbolt Formation 
     

   

NV-HF 05-07 0 paleosol 12.4 -2.0 0.0068 61.5 0.70920 40°36.6 115°41.5  
NV-HF 06-07 5 paleosol 15.2 -0.5 

   
40°36.6 115°41.5  

NV-HF 07-07 15 paleosol 13.3 -2.1 
   

40°36.6 115°41.5  

NV-HF 08-07 15 carbonate 12.1 -2.2 
   

40°36.6 115°41.5  

NV-HF 09-07 20 carbonate 12.5 -2.6 0.0069 38.7 0.71062 40°36.6 115°41.5  

NV-HF 10-07 20 paleosol 12.2 -2.0 0.0039 26.9 0.71055 40°36.6 115°41.5  

NV-HF 11-07 25 cement from gravels 11.5 -2.6 
   

40°36.6 115°41.5  
NV-HF 12-07 25 cement from gravels 13.1 -1.6 

   
40°36.6 115°41.5  

           

Indian Wells Formation - Top 
     

   

NV-IW-32-07 34 paleosol 12.7 -4.1 
   

40°32.527 115°51.112 
Measured 

section runs 

from 40°32.527 

(NV-IW-32-07) 

to 40°32.560 

(NV-IW-40-07) 

NV-IW-33-07 41 paleosol 11.5 -4.7 
   

  

NV-IW-34-07 48 paleosol 14.6 -3.2 
   

  

NV-IW-36-07 62 paleosol 14.6 -3.6 
   

  

NV-IW-37-07 69 paleosol 14.2 -3.5 
   

  

NV-IW-38-07 76 paleosol 12.3 -4.3 
   

  

NV-IW-39-07 83 paleosol 13.5 -3.5 
   

  
NV-IW-40-07 90 paleosol 13.3 -2.9 0.0078 95.9 0.70873 40°32.560 115°51.102 

           

Indian Wells Formation - Middle 
     

   

NV-IW-1-07 2 paleosol 16.4 1.6 0.0060 
  

40°32.365 115°51.225  

NV-IW-2-07 4 paleosol 20.3 4.2 0.0407 
  

40°32.365 115°51.225  

NV-IW-3-07 10,1 paleosol 17.2 -0.2 0.0244 
  

40°32.365 115°51.225  
NV-IW-4-07 13,5 paleosol 15.0 -4.6 0.0030 

  
40°32.365 115°51.225  

           

Indian Wells Formation - Base 
     

   

NV-IW-1-07 0 conglomerate 13.4 0.3 0.0113 155.4 0.70866 40°30.298 115°52.219  

NV-IW-2-07 2 conglomerate 18.6 0.2 0.0090 87.5 0.70851 40°30.298 115°52.219  



 

 

NV-IW-3-07* 2,5 ash 10.9 -6.1 
   

40°30.298 115°52.219  

NV-IW-4-07 4 sandstone 1 10.0 -11.8 0.0067 69.9 0.70852 40°30.300 115°52.215  

NV-IW-5-07 4 sandstone 2 9.0 -5.7 
   

40°30.305 115°52.211  

NV-IW-7-07 6 sandstone 2 9.8 -4.6 
   

40°30.368 115°52.222 

Measured 

section runs 

from 40°30.368 

(NV-IW-7-07) 
to 40°30.384 

(NV-IW-20-07) 

NV-IW-8-07 8 sandstone 9.1 -3.9 
   

  
NV-IW-9-07 9 sandstone 9.2 -5.4 

   
  

NV-IW-10-07 10 channel sand 11.6 -3.4 
   

  

NV-IW-11-07 12 sandstone  13.0 -5.0 
   

  

NV-IW-12-07 13 sandstone 9.2 -4.2 
   

  

NV-IW-13-07 14 sandstone 10.7 -4.3 
   

  

NV-IW-15-07 15 sandstone 11.2 -4.8 
   

  
NV-IW-16-07 16 sandstone 11.3 -5.7 

   
  

NV-IW-17-07 17 sandstone 11.7 -4.6 
   

  

NV-IW-18-07 19,2 sandstone 10.2 -4.3 
   

  

NV-IW-19-07 21 sandstone 10.0 -5.4 0.0084 57.9 0.70858   

NV-IW-21-07* 21 ash 
     

  
NV-IW-20-07 22 sandstone 12.0 -4.7 

   
40°30.384 115°52.221 

           

Elko Formation 
     

   

NV-EF-3-07 5 paleosol 28.4 6.1 0.5378 1000.9 0.70784 40°34.714 115°59.481 

Measured 

section runs 
from 40°34.714 

(NV-EF-3-07) 

to 40°34.700 

(NV-EF-27-07) 

NV-EF-4-07 6,5 limestone 27.1 9.7 0.5377 939.7 0.70851   

NV-EF-5-07 8 limestone 30.9 6.6 
   

  

NV-EF-6-07 11,2 limestone 29.7 10.9 
   

  
NV-EF-7-07 12,3 limestone 26.2 11.6 

   
  

NV-EF-8-07 17,5 limey shale 25.5 11.1 
   

  

NV-EF-9-07 28 limestone 28.9 13.2 
   

  

NV-EF-10-07 32,3 limestone 31.2 13.0 
   

  

NV-EF-11-07 37 limestone 29.1 12.9 
   

40°34.717 115°59.459 

NV-32-07 45 ash 
     

  
NV-EF-12-07 51 limestone 26.8 11.1 

   
   

NV-EF-13-07 58,5 limey shale 17.6 -1.0 
   

40°34.716 115°59.445  

NV-31-07 59,5 ash 
     

   

NV-EF-14-07 61,5 limey shale 29.7 6.1 
   

   

NV-EF-15-07 66 limestone 29.6 7.0 
   

   
NV-EF-16-07 67 limestone 28.5 3.8 

   
   

NV-EF-17-07 73 sandstone 28.7 0.0 
   

   



 

 

NV-EF-18-07 83 limey shale 29.2 -2.2 0.5848 536.9 0.70762    

NV-EF-19-07 83 tuff 29.5 -0.8 
   

   

NV-EF-20-07 85 tuff 17.3 -8.2 
   

   

NV-28-07 86 tuff 
     

   

NV-EF-22-07 95 limey shale 14.4 -5.6 0.0091 85.9 0.70802    
NV-EF-23-07 898 limey shale 24.9 3.3 0.5278 634.6 0.70766    

NV-EF-24-07 110 limey shale 26.1 6.3 
   

40°34.714 115°59.422  

NV-EF-25-07 123 tuff 
     

40°34.709 115°59.406  

NV-EF-27-07 155 tuff 
     

40°34.700 115°59.389  

           

Cherty Limestone Formation 
     

   
CL-01 

 
limestone 25.9 3.9 

   
   

CL-10 
 

limestone 21.8 -2.1 0.0094 269.5 0.707955    

CL-11 
 

limestone 18.9 -2.5 
   

   

CL-12 
 

limestone 19.2 -2.0 
   

   

CL-15 
 

limestone 19.8 -2.1 
   

   

CL-16 
 

limestone 18.5 -1.7 
   

   
CL-17 

 
limestone 21.1 -4.4 0.0063 226.8 0.708015    

           

Limestone and conglomerate layer 
     

   

TL12-02 
 

limestone 25.6 3.1 0.0049 24.5 0.708225    

TL04-02 
 

limestone 25.3 2.1 0.0085 79.2 0.708267    

           

Dell Formation 
     

   

11KM-115 B 0.5 ped. carb. 12.6 -3.3 
   

40°45.133 112°34.798  

11KM-117 B 7.4 ped.carb. 12.8 -3.3 
   

40°45.133 112°34.798  

11KM-118 B 10.3 ped.carb. 16.8 -3.3 
   

40°45.133 112°34.798  

11KM-121 B 12,8 ped.carb. 18.8 -3.2 
   

40°45.133 112°34.798  

11KM-125 B 15 ped.carb. 12.6 -2.4 
   

40°45.133 112°34.798  

11KM-128B B  21 ped.carb. 12.8 -2.4 
   

40°45.133 112°34.798  
11KM-131 23.9 ped.carb. 18.3 -3.6 

   
40°45.133 112°34.798  

11KM-133 B 26 ped.carb. 16.1 -4.7 
   

40°45.133 112°34.798  

11KM-137 B 30 ped.carb. 16.2 -4.2 
   

40°45.133 112°34.798  

11KM-114 B 37 ped.carb. 13.9 -3.2 
   

40°45.013 112°34.748  

11KM-106 B 47.4 ped.carb. 15.3 -4.5 
   

40°45.013 112°34.748  
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Figures 

 

 

 

Fig. 1. Simplified geological maps of (A) Sage Creek Basin (Montana; after Lonn et al., 

2000) and (B) the Elko Basin (Nevada; after Henry, 2008). Stars indicate sampling 

localities. 
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Fig. 2. Sedimentary features of (A) Elko Fm., (B) Indian Well Fm., and (C) Dell Fm. 

sediments. (A) Typical “paper” shales of the Elko Fm. indicating poor oxygenation of 

deeper lake levels and lack of seasonal lake overturn. (B) Immature volcanoclastic 

channel deposits in lower Indian Well Fm. indicative of transition from lacustrine to 

fluvial deposition (C) Dell Fm. paleosols (Sage Creek Basin, Montana). 
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Fig. 3. Oxygen (δ18O reported in VSMOW) and carbon (δ13C reported in VPDB) isotope 

record and Mg/Ca, [Sr], and 87Sr/86Sr data of Elko Fm., Indian Well Fm. and Cherty 

Limestone unit sediments. δ18O and δ13C data in the Cherty Limestone unit are from 

Horton et al. (2004). 
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Fig. 4. Biotite 40Ar/39Ar spectra from ash layers in the Elko and Indian Well formations 

(Elko Basin, NV) with average 40Ar/39Ar ages. * denotes total gas age or forced plateau 

age. 1average 40Ar/39Ar age excludes potentially reworked grains dated at 40.9 ±0.6 Ma. 

 



 

 

 

Fig. 5. (A) Oxygen (δ18O) and carbon (δ13C) isotope record of the Elko/Indian Well Fm. (Elko Basin; NV) and (C) the Dell Fm. (Sage Creek 

Basin, MT) compared to (B) the MECO δ18O and δ13C excursions in the deep-sea stable isotopic record of ODP site 738 (Southern Ocean, 

Indian Ocean sector; adapted from Bohaty and others, 2009; isotopic values are derived from Cibicidoides spp. (Cib) and reported in VPDB). 

The paleomagnetic section of the “upper Dell beds” is adapted from Tabrum and others, 1996. The medium to dark horizontal bars (colored bars 

in PDF version) indicate the pre-MECO cooling phase medium gray (blue) MECO warming darker gray (brown-yellow) and peak conditions 

darkest gray (brown). * indicates 40Ar/39Ar age of reworked ashes in the Elko section. 
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Abstract 

Metamorphic core complexes (MCCs) in the North American Cordillera reflect the 

effects of lithospheric extension and contribute to crustal adjustments both during and 

after a protracted subduction history along the Pacific plate margin. While the Miocene-

to-recent history of most MCCs in the Great Basin, including the Raft River-Albion-

Grouse Creek MCC, is well documented, early Cenozoic tectonic fabrics are commonly 

severely overprinted. We present stable isotope, geochronological (40Ar/39Ar), and 

microstructural data from the Raft River detachment shear zone. Hydrogen isotope ratios 

of syntectonic white mica (δ2Hms) from mylonitic quartzite within the shear zone are very 

low (-90 ‰ to -154 ‰, VSMOW) and result from multiphase synkinematic interaction 

with surface-derived fluids. 40Ar/39Ar geochronology reveals Eocene (re)crystallization of 

white mica with δ2Hms ≥ -154 ‰ in quartzite mylonite of the western segment of the 

detachment system. These δ2Hms values are distinctively lower than in localities further 

east (δ2Hms ≥ -125 ‰), where 40Ar/39Ar geochronological data indicate Miocene (18-15 

Ma) extensional shearing and mylonitic fabric formation. These data indicate that very 

low-δ2H surface-derived fluids penetrated the brittle-ductile transition as early as the mid-

Eocene during a first phase of exhumation along a detachment rooted to the east. In the 

eastern part of the core complex, prominent top-to-the-east ductile shearing, mid-Miocene 
40Ar/39Ar ages, and higher δ2H values of recrystallized white mica, indicate Miocene 

structural and isotopic overprinting of Eocene fabrics. 
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1. Introduction 

Metamorphic core complexes (MCCs) are key elements in understanding the dynamics of 

lithospheric deformation, mass and heat transfer, and changes in continental topography 

(e.g., Coney, 1980; Armstrong, 1982; Coney and Harms, 1984; Dickinson, 2002; Mulch 

et al., 2007; Sullivan and Snoke, 2007; Rey et al., 2009; Gébelin et al., 2012; Wells et al., 

2012; Whitney et al., 2013). MCCs expose middle to lower crustal rocks and result from 

denudation and rock uplift through large-scale, low-angle extensional detachment 

systems. In western North America, MCCs developed during Cenozoic crustal extension 

and contributed to thermal and mechanical reequilibrium of overthickened orogenic crust 

following the Sevier orogeny (e.g., Coney, 1980; Wernicke, 1981; Armstrong, 1982; 

Coney and Harms, 1984; Sonder and Jones, 1999; Teyssier et al., 2005; Sullivan and 

Snoke, 2007; Rey et al., 2009). 

One extensively studied MCC is the Raft River-Albion-Grouse Creek Metamorphic Core 

Complex (RAG-MCC; NW Utah, USA; Fig. 1A) (Compton et al., 1977; Malavieille, 

1987; Manning and Bartley, 1994; Wells, 1997, 2001; Wells et al., 1998, 2000, 2004, 

2012; Sheely et al., 2001; Hoisch et al., 2002; Sullivan and Snoke, 2007; Gottardi et al., 

2011, 2015; Strickland et al., 2011a, 2011b; Konstantinou et al., 2012, 2013; Gottardi and 

Teyssier, 2013). The RAG-MCC records a protracted tectonic history with alternating 

cycles of Late Cretaceous to Miocene extension and shortening (Wells, 1997; Hoisch et 

al., 2002; Konstantinou et al., 2012; Wells et al., 2012). Well-documented field evidence 

indicates that the RAG-MCC hosted at least two major oppositely rooted Cenozoic 

detachment systems: Eocene/Oligocene and subsequent Miocene extension is manifested 

in the west-rooted Middle Mountain shear zone (Grouse Creek/Albion Mountains, 

western RAG-MCC; Fig. 1B) (Saltzer and Hodges, 1988; Wells et al., 2004; Strickland et 

al., 2011a), whereas the top-to-the-east Raft River detachment shear zone (RRDSZ; Raft 

River Mountains; eastern RAG-MCC; Fig. 1B) is thought to originate from Miocene 

extensional shearing (Malavieille, 1987; Wells et al., 2000; Wells, 2001). As a 

consequence, reconstructing the crustal response to multiple extension events in the 

RAG-MCC is challenging owing to tectonic mode switching, reactivation of fault 

systems, and overprinting of older fabrics by younger tectonic events (e.g., Miller et al., 

2012; Wells and Hoisch, 2012; Wells et al., 2012). 

Localized synextensional interaction of mylonitic footwall rocks with surface-derived 

fluids is a common feature of extensional detachment systems bounding high-grade 

MCCs of the western United States (e.g., Kerrich, 1988; Fricke et al., 1992; Wickham et 

al., 1993; Mulch et al., 2004, 2006, 2007; McFadden et al., 2010; Gottardi et al., 2011; 

Gébelin et al., 2011, 2012, 2014) and has recently been documented in similar 

environments for other orogens such as the European Alps (Campani et al., 2012), the 
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South Tibetan Detachment (Gébelin et al., 2013), the Alpine Fault (Menzies et al., 2014), 

or the Menderes MCC (Hetzel et al., 2013). The infiltration of meteoric water into brittle 

fault zones and strongly localized fluid flow down to the brittle-ductile transition have 

been detected mainly by low hydrogen (δ2H) and oxygen (δ18O) isotope ratios in 

recrystallized hydrous minerals of mylonitic shear zones (e.g., Fricke et al., 1992; 

Wickham et al., 1993; Famin et al., 2004; Mulch et al., 2004, 2006). The δ2H values of 

hydrous minerals in otherwise “anhydrous” mylonitic quartzite/silicate rocks have been 

shown to be a sensitive tracer for fluid-mineral interaction because they are strongly 

controlled by the D/H ratio of the fluid (e.g., Mulch et al., 2004, 2006; Mulch and 

Chamberlain, 2007). Muscovite reliably records the δ2H of the deformation-related fluid 

flow in detachment shear zones if mineral-fluid isotopic equilibrium is attained and if δ2H 

values are preserved over time (e.g., Mulch et al., 2007). One process that promotes very 

negative δ2H values (< -120 ‰) in formerly high grade metamorphic footwall rocks is the 

syntectonic interaction with meteoric water (e.g., Fricke et al., 1992; Wickham et al., 

1993; Mulch et al., 2004, 2006, 2007; Mulch and Chamberlain, 2007). 

The presence of surface-derived fluids in such detachment footwall shear zones directly 

impacts the conditions of crustal flow, mineral recrystallization, elemental and isotopic 

exchange, and the temperature structure of actively extending crust (e.g., Morrison and 

Anderson, 1998; Famin et al., 2004; Mulch et al., 2006; Gébelin et al., 2011; Gottardi et 

al., 2011) and is thus one of the primary controls on radiogenic isotope chronometers in 

extensional shear zones. Therefore, combining stable (δ2H, δ18O) and radiogenic 

(40Ar/39Ar) isotope with microstructural analyses provides insight into the timing of 

detachment-controlled fluid flow and allows the links between fault-related fluid-rock 

interaction and the rapid temporal and kinematic evolution of extensional detachment 

zones to be studied (e.g., Mulch et al., 2004, 2005; Mulch and Chamberlain, 2007; Person 

et al., 2007). 

Here we present δ2H, δ18O, 40Ar/39Ar geochronological, and microstructural data from 

exhumed mylonitic footwall rocks of the RRDSZ that directly underlies the detachment 

fault. These data were collected on a ~20 km long E-W transect approximately along the 

shear direction to assess the deformation and time-integrated fluid flow history of the 

RRDSZ. Three observations characterize these combined data sets: (1) minimum δ2H 

values in syntectonically recrystallized muscovite (δ2Hms) in the western Raft River 

Mountains are distinctively lower (-154 ‰) than the δ2Hms values in Miocene quartzite 

mylonite from the eastern localities (-122 ‰ to -125 ‰), (2) 40Ar/39Ar geochronology 

reveals that recrystallization and resetting of low-δ2H white mica occurred during Eocene 

extensional deformation in the western Raft River Mountains, and (3) the spatial pattern 

of δ2Hms values across a vertical footwall section in the western Raft River Mountains 
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suggests that E-directed Miocene overprint along the RRDSZ created new pathways for 

meteoric fluids at different levels within the Eocene (circa 45–40 Ma) quartzite fabric. 

We propose that exhumation along the Eocene RRDSZ was accompanied by infiltration 

of very low δ2H meteoric fluids (δ2Hfluid as low as -126 ‰). During mid-Miocene (Basin 

and Range) extension and meteoric fluid infiltration (δ2Hfluid as low as -103 ‰) the 

highest strain developed in the eastern Raft River Mountains. Miocene shearing 

reactivated preexisting fabrics along the RRDSZ in the western Raft River Mountains, 

inducing strongly localized hydrogen isotope exchange in deforming white mica. 

2. The Raft River-Albion-Grouse Creek Metamorphic Core Complex 

The RAG-MCC is located in the hinterland of the Sevier orogenic belt (Fig. 1A) (e.g., 

Armstrong, 1968; Dickinson, 2002; DeCelles, 2004; Sullivan and Snoke, 2007). Previous 

studies have proposed diverse kinematic histories including Mesozoic crustal shortening 

and synconvergent extension followed by multiple episodes of Cenozoic extension 

(Wells, 1997; Wells et al., 1998, 2012; Hoisch et al., 2002; Konstantinou et al., 2012) 

along two oppositely directed detachment systems, which were synchronously active for 

at least part of their history (Malavieille, 1987; Wells et al., 2000; Sullivan and Snoke, 

2007). The top-to-the-WNW Middle Mountain shear zone located in the Albion, Grouse 

Creek, and western Raft River Mountains is a long-lived, amphibolite-facies extensional 

shear zone of middle-late Eocene to Oligocene age (Fig. 1B) (Saltzer and Hodges, 1988; 

Wells et al., 2004; Strickland et al., 2011a) that was reactivated during the Oligo-Miocene 

(Sheely et al., 2001) following the intrusion of synextensional, late Eocene to Oligocene 

plutons (Compton et al., 1977; Egger et al., 2003; Strickland et al., 2011b; Konstantinou 

et al., 2012, 2013). The top-to-the-east Miocene Raft River detachment and its underlying 

detachment shear zone (RRDSZ) are best exposed at the Ten Mile and Clear Creek 

Canyon localities in the eastern Raft River Mountains (Fig. 1B) (e.g., Malavieille, 1987; 

Wells et al., 2000; Wells, 2001). Along this detachment fault, upper plate rocks of 

Neoproterozoic to Paleozoic age are displaced by up to 30 km against Archean to 

Proterozoic footwall rocks (Compton et al., 1977). Beneath the detachment fault, rocks 

within the 50 to 300 m thick RRDSZ have been extensively mylonitized and 

metamorphosed under greenschist-facies conditions (Compton et al., 1977; Wells, 1997, 

2001; Wells et al., 2000). They are characterized by a subhorizontal foliation and a 

regional east-west directed stretching lineation (e.g., Compton, 1980; Malavieille, 1987; 

Wells, 1997, 2001). Mica 40Ar/39Ar ages become younger from the western (~47 Ma) to 

the eastern Raft River Mountains (~15 Ma) and have been interpreted as cooling ages 

(Wells et al., 2000). When considered together with apatite fission-track ages, the 

combined geochronological data reveal a pattern of protracted, extension-induced cooling 
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and unroofing history along the RRDSZ and the overlying detachment fault (Wells et al., 

2000). 

3. Results 

In the following we report microstructural, 40Ar/39Ar geochronological, and hydrogen 

(δ2H) and oxygen (δ18O) isotopic data from three sections of Elba Quartzite located in the 

western (Pine Creek Canyon) and eastern (Clear Creek Canyon and Ten Mile Canyon) 

Raft River Mountains (Fig. 1B).  

At Pine Creek Canyon, rocks in the footwall of the Raft River detachment comprise late 

Archean basement (~2.5 Ga gneissic monzogranite) unconformably overlain by 

Neoproterozoic metasedimentary rocks, which include the approximately 200 m thick 

Elba Quartzite composed of quartz and white mica and the overlying schist of Upper 

Narrows (Fig. 2A) (Compton et al., 1977; Wells, 2001). Footwall rocks from Pine Creek 

Canyon experienced cooling below ~400°C in the early to middle Eocene (47 to 44 Ma), 

followed by a second phase of rapid cooling starting at about 16 Ma (Wells et al., 2000; 

Harrison et al., 2009). 

A strong increase in strain intensity from west to east along the RRDSZ is responsible for 

the substantial eastward thinning of Elba Quartzite (Fig. 3) (Wells, 2001; Sullivan, 2008). 

Middle Miocene (16–13 Ma) cooling and exhumation is best documented in the eastern 

Raft River Mountains. Here the Clear Creek Canyon section (Figs. 1B, 3A, and 3C) 

exposes an approximately 100 m thick section of the RRDSZ, comprising monzogranitic 

basement and overlying Elba Quartzite. The Elba Quartzite includes from bottom to top: 

(1) a basal quartzite cobble metaconglomerate, (2) an interval of white quartzite and 

muscovite-quartzite schist, (3) a distinct layer of red quartzite, and (4) a pebble 

metaconglomerate (Sullivan, 2008; Gottardi et al., 2011; Gottardi and Teyssier, 2013). 

Mylonitic foliation in the Elba Quartzite dips gently to the NE, and mineral lineation is E-

trending and gently plunging (Sullivan, 2008). The structurally deepest exposure of the 

RRDSZ Elba Quartzite is at Ten Mile Canyon (Figs. 1B, 3A, and 3D), where the ~60m 

thick section comprises, from bottom to top, Archean basement, muscovite-kyanite schist 

(15 m), white Elba Quartzite and a layer of reddish Elba Quartzite (35 m), and the 

overlying schist member of the Elba Quartzite (11 m) (Wells et al., 2000). 

3.1. Western Raft River Mountains: Pine Creek Canyon 

We systematically sampled 210m of Elba Quartzite with a sample spacing of about 10m 

covering the complete section from the top of the Archean basement to the schist unit 

overlying the quartzite (Fig. 2A). All sampled rocks display a well-developed 
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subhorizontal (mylonitic) foliation and a prominent E-W to ESE-WNW trending 

stretching lineation (Figs. 4A and 4B). 

3.1.1. Microstructure 

Elba Quartzite at Pine Creek Canyon consists almost entirely of quartz and white mica 

(5–15%) with only minor amounts of accessory minerals (e.g., Fig. 4C). Elongate 

muscovite grains with high aspect ratios are arranged in small bands and trails and define 

the subhorizontal foliation (C-surfaces) (Fig. 4C). Shape preferred orientation (SPO) of 

quartz grains defines an oblique foliation with respect to white mica grains, with an angle 

that decreases from 30 to 40° at the top of the section to < 5° when approaching the 

contact with the underlying basement. The SPO in relation to the C-surfaces defines shear 

bands and indicates top-to-the-east shearing (Fig. 4C) (Simpson and Schmid, 1983; Lister 

and Snoke, 1984). 

In quartz grain boundary migration recrystallization was dominant as revealed by pinning 

effects on quartz grain boundaries, castellate quartz grain boundaries, inclusion of small 

mica grains within quartz, and alignment of fluid inclusions along quartz grain boundaries 

owing to dragging effects (Figs. 4C–4E) (Jessell, 1987; Drury and Urai, 1990). Internal 

deformation features such as undulose extinction, subgrains, and deformation lamellae are 

common in larger quartz grains (Fig. 4E). Sutured grain boundaries and small grain 

boundary bulges (Fig. 4D) indicate minor recrystallization by local grain boundary 

bulging (e.g., Stipp et al., 2002) with preferred bulging sites approximately normal to the 

subhorizontal foliation. These higher strain layers alternate with quartzite layers that lack 

evidence for low-temperature deformation microstructures and preserve higher 

temperature grain boundary migration recrystallization microstructures (Fig. 4F). 

3.1.2. 
40

Ar/
39

Ar Geochronology 

Using laser step-heating 40Ar/39Ar geochronology, we dated muscovite from a deformed 

and recrystallized syntectonic muscovite-bearing quartz vein that cuts the mylonitic 

quartzite at the top of the Pine Creek Canyon section (Fig. 5A; sample RR-04-123; for 

methods and data, see Appendix 4). Field observation suggests that the deformed vein is 

synmylonitic to late-mylonitic, as it is still rather coarse grained and cuts the mylonitic 

foliation at high angle. The 40Ar/39Ar release spectrum from degasing of two grains 

defines a plateau-like segment with an age of 40.4 ±0.5 Ma (weighted mean age, ~70% of 
39Ar released); low-temperature increments show apparent 40Ar loss (Fig. 5A). Despite 

similar 39Ar release patterns (Fig. 5A) this incremental heating 40Ar/39Ar age is somewhat 

younger than the muscovite 40Ar/39Ar age of 45.2 ±0.3 Ma obtained by furnace heating of 
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milligram quantities of fabric-forming muscovite (RR91-20) in the deeper levels (~75 m) 

of the Elba Quartzite of Pine Creek Canyon (Wells et al., 2000).  

3.1.3. Hydrogen and Oxygen Isotope Geochemistry 

δ
2Hms values from 22 Elba Quartzite samples are very low and range from -125 ‰ to -

154 ‰ (VSMOW; Figs. 2B and 3B; for methods and data, see Appendix 4). Overall, we 

observe two characteristics in the δ2Hms values: (1) from bottom to top of the section, 

minimum δ2Hms values decrease from -141 ‰ to -154 ‰; and (2) four intervals (at 0 m, 

20 m, 75 m, and 157 m, respectively) display locally increasing δ2Hms values reaching 

maximum values between -132 ‰ and -125 ‰ (Fig. 2B). 

In general, such low δ2Hms values (-125 ‰ to -154 ‰) indicate hydrogen isotope 

exchange with fluids of meteoric origin that penetrated into the active hanging wall-

footwall interface and affected δ2H values of recrystallizing muscovite (e.g., Taylor, 

1978; Sheppard, 1986; Kerrich, 1988; Wickham et al., 1993; Mulch et al., 2007). 

Three samples of Elba Quartzite were analyzed for δ18O values of quartz (δ18Oqtz) and 

muscovite (δ18Oms) (Fig. 2A and Appendix 4). Two of the three samples (RR-04-121 and 

RR-04-125c) indicate oxygen isotope equilibrium, with quartz and muscovite δ18O values 

of 11.7 ‰ and 8.5 ‰ (RR-04-121; 211 m) and 11.2 ‰ and 7.7 ‰ (RR-04-125c; 209 m), 

respectively. Equilibrium oxygen isotope fractionation between quartz and muscovite 

(∆18Oqtz-ms) is temperature dependent and exchange temperatures can be calculated 

provided that oxygen isotope equilibrium between the two mineral phases was attained 

during recrystallization. Using the calibration of Chacko et al. (1996), ∆18Oqtz-ms values of 

3.2 ‰ (RR-04-121) and 3.5 ‰ (RR-04-125c) translate into exchange temperatures of 387 

±27 °C and 361 ±25 °C, respectively. These δ18Oqtz and δ18Oms values are significantly 

lower (1.3 to 1.8 ‰ in δ18Oqtz and 3.8 to 4.6 ‰ in δ18Oms) than those of sample RR91-20 

(with δ18Oqtz = 13.0 ‰ and δ18Oms = 12.3 ‰; at 75 m in Fig. 2A) dated at 45.2 ±0.3 Ma 

(Wells et al., 2000). The resulting low ∆18Oqtz-ms = 0.7 ‰ value yields unrealistic 

temperatures (> 1100 °C) and thus points to nonequilibrium oxygen isotope fractionation 

in this sample. 

3.2. Eastern Raft River Mountains: Clear Creek Canyon 

3.2.1. Microstructure 

Elba Quartzite exhibits a well-developed mylonitic foliation and lineation both defined by 

elongated quartz and white mica grains. Quartz grains are coarse (>1000 µm long) 

elongated ribbons that commonly display strong undulose extinction, deformation bands, 
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and deformation lamellae, or finer recrystallized grains (50–100 µm) along grain 

boundaries that resulted mainly from subgrain rotation recrystallization (see also Wells, 

2001; Sullivan, 2008; Gottardi et al., 2011; Gottardi and Teyssier, 2013). Oblique 

secondary foliation of recrystallized quartz grains (Gottardi et al., 2011) and shear bands 

in muscovite-quartz schist units (Sullivan, 2008) consistently indicate top-to-the-east 

sense of shear. At Clear Creek Canyon, the Elba Quartzite also recorded a significant 

component of coaxial deformation (Wells, 2001; Sullivan, 2008), which is supported by 

electron backscatter diffraction analysis showing type-I cross girdles of quartz c axes and 

nearly symmetrical a axis maxima (Gottardi et al., 2011; Gottardi and Teyssier, 2013). 

3.2.2. 
40

Ar/
39

Ar Geochronology 

Muscovites from a deformed muscovite-bearing quartz vein in strongly veined quartzite 

(RR-04-150) and a white mica-rich schist layer within the quartzite (RR-04-153) from the 

base of the RRDSZ were dated by laser step heating 40Ar/39Ar geochronology (Fig. 3C 

and see Appendix 4). Both 40Ar/39Ar release spectra were obtained by incrementally 

heating four muscovite grains, and each sample defines plateau-like segments over 45–98 

% (RR-04-150) and 30–85 % (RR-04-153) of 39Ar released, with calculated weighted 

mean ages of 18.7 ±0.4 Ma and 15.8 ±0.3 Ma, respectively (Fig. 5B). 

3.2.3. Hydrogen and Oxygen Isotope Geochemistry 

δ
2Hms values of (a) metamorphosed regolith at the very top of the Archean basement (-2 

to 0 m), (b) muscovite-rich layers of the metaconglomerate (0 to 5 m), and (c) distinct 

layers of muscovite-quartz schist (5 to 70 m) range from -90 ‰ to -122 ‰ (Fig. 3C and 

Appendix 4). δ2Hms values are highest in the metamorphosed muscovite-rich regolith (-90 

‰) and decrease rapidly by about 25 ‰ (from -95 ‰ to -122 ‰) within the quartz-

muscovite schist layer at the base of the RRDSZ. The range of δ2Hms values encompasses 

previously determined δ2Hms values of mylonitic muscovite-bearing quartzite from Clear 

Creek Canyon (Gottardi et al., 2011), and the combined data set reveals δ2Hms values that 

are significantly higher (δ2Hms = -90 to -122 ‰) than those from the Pine Creek Canyon 

quartzite (δ2Hms = -125 ‰ to -154 ‰), but still far below the δ2Hms range (δ2Hms = -50 ‰ 

to -70 ‰) typically encountered in metamorphic rocks (Fig. 2B) (e.g., Taylor, 1978; 

Sheppard, 1986; Kerrich, 1988; Wickham et al., 1993). 

Oxygen isotope exchange thermometry at Clear Creek Canyon (Gottardi et al., 2011) 

indicates a steep geothermal gradient with temperatures increasing from 345 ±25 °C at 

the top to 485 ±20 °C near the base of the 100 m thick RRDSZ and a diverse pattern of 

fluid flow and fluid-rock interaction that responds to changes from flattening to 

constrictional strain along the shear zone (Gottardi et al., 2015). 
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3.3. Eastern Raft River Mountains: Ten Mile Canyon 

3.3.1. Microstructure 

Rocks from Ten Mile Canyon record the highest strains and strongest thinning of Elba 

Quartzite along the RRDSZ (Wells et al., 2000). In thin section, quartzite shows highly 

elongate quartz ribbons with aspect ratios >40 and lengths commonly >2000 µm and 

variable degrees of recrystallization and recovery. Relict ribbons are characterized by 

domains of newly recrystallized grains of ~20 µm diameter that commonly show an 

oblique SPO consistent with top-to-the-east shear and a strong lattice-preferred 

orientation. Other ribbons show internal mosaics of subgrains of similar size to newly 

recrystallized grains. Quartz microstructures are consistent with dynamic recrystallization 

by subgrain rotation recrystallization (e.g., Stipp et al., 2002). Feldspar lacks evidence for 

crystal plasticity and is commonly fractured at high angles to foliation. 

3.3.2. 
40

Ar/
39

Ar Geochronology 

Bulk muscovite 40Ar/39Ar ages of 15.05 ±0.18 Ma (RR91-6, mylonitic quartzite (Wells et 

al., 2000)) and 14.88 ±0.17 Ma (RR91-7, quartz-muscovite-kyanite schist (Wells et al., 

2000)), combined with biotite 40Ar/39Ar and zircon fission-track thermochronology, 

indicate an age range of ~16 Ma to ~10 Ma for ductile and subsequent brittle extensional 

shearing at the Ten Mile Canyon locality, while the Pine Creek locality had already 

cooled through the 40Ar/39Ar muscovite and biotite closure temperature interval prior to 

Miocene extension (Wells et al., 2000). 

3.3.3. Hydrogen and Oxygen Isotope Geochemistry 

δ
2Hms values of muscovite-bearing mylonitic quartzite and schist from Ten Mile Canyon 

range from -106 ‰ to -125‰with no systematic spatial relationship across the mylonitic 

shear zone (Fig. 3D and Appendix 4). Similar to the Clear Creek Canyon locality, δ2Hms 

values are (1) low when compared to typical metamorphic mineral assemblages that 

interacted with metamorphic fluids (e.g., Sheppard, 1986) and (2) clearly influenced by 

interaction with meteoric fluids at elevated temperatures (350–400 °C) but (3) 

significantly higher than δ2Hms values from Pine Creek Canyon in the western Raft River 

Mountains. 

Analysis of one mylonitic quartzite sample (RR100-89, Appendix 4) yielded δ18O values 

of quartz and muscovite of δ18Oqtz = 12.3 ‰ and δ18Oms = 8.8 ‰. Quartz-muscovite 

oxygen isotope fraction, ∆18Oqtz-ms = 3.5 ‰, is consistent with deformation temperatures 

of 370 ±27 °C (Chacko et al., 1996). 
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4. Discussion 

Our combined microstructural, δ2H, δ18O, and 40Ar/39Ar geochronologic data point to 

Eocene (45–40 Ma) and Miocene (18–15 Ma) phases of extension along the RRDSZ, 

each characterized by similar temperature conditions, yet under the presence of meteoric 

fluids with strikingly different δ2H values. 

4.1. 
40

Ar/
39

Ar Geochronology and Timing of Deformation 

Interpretation of 40Ar/39Ar ages in recrystallized rocks that were deformed within the 

closure temperature interval for 40Ar diffusion is challenging (e.g., Mulch and Cosca, 

2004; Harrison et al., 2009; Cosca et al., 2011), yet combined isotopic and elemental 

tracer data can provide additional insight into the 40Ar retention behavior especially for 

white mica in ductile shear zones (e.g., Mulch et al., 2005, 2006; Gébelin et al., 2011; 

Cosca et al., 2011). The fact that the individual sections across the RAG-MCC preserve 

distinct “clusters” of very low δ2Hms values (Figure 6) strongly supports the idea that both 

δ
2Hms and 40Ar isotope systematics remained undisturbed after deformation. For the 

RRDSZ, compiled geochronological data (40Ar/39Ar ages of biotite, muscovite, 

hornblende, and K-feldspar; apatite and zircon fission-track ages) point to exhumation 

and mid-Eocene cooling placing the Elba Quartzite in the western Raft River Mountains 

(Pine Creek Canyon) near the 40Ar/39Ar muscovite closure temperature isotherm prior to 

Miocene extension (Wells et al., 2000; Wells, 2001). At Pine Creek Canyon, the shapes 

of 40Ar/39Ar age spectra from both bulk muscovite sample (RR91-20; Wells et al. (2000)) 

and laser heating analyses of two grains (RR-04-123; this study) are remarkably similar. 

They show relatively young apparent ages in the initial (< 10 % 39Ar release) heating 

steps, most likely due to postcrystallization 40Ar loss, and a rather broad plateau over 

about 60–70 % of total 39Ar released leading to increasing apparent age steps during high-

temperature gas release (Fig. 5A). Such age spectra are reported from different localities 

in the western Raft River Mountains (e.g., Wells et al., 1990, 1998, 2000). The similarity 

of age spectra in both types of analysis (single grains and bulk mineral separate) shows 

that the general 39Ar release pattern in the bulk mineral analyses is unlikely to be the 

result of mixed grain populations. Rather, the observed intrasample 40Ar variability is due 

to either diffusional loss of radiogenic 40Ar or intragrain recrystallization and associated 

resetting of the K-Ar systematics (e.g., Mulch et al., 2002, 2005; Mulch and Cosca, 

2004). Given the oxygen isotope-based deformation temperatures (374 ±37 °C) of the 

RRDSZ at Pine Creek Canyon, and the roughly 5 Ma apparent age difference between 

quartzite that shows evidence for recrystallization and growth in the presence of very low 

δ
2H meteoric fluids (RR-04-123; δ2Hms = -151 ‰) compared to the quartzite that does not 

(RR91-20; δ2Hms = -75 ‰), we suggest that the deformed and crosscutting vein (RR-04-
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123) with a muscovite age of circa 40.4 ±0.5 Ma most likely reflects the timing of 

muscovite crystallization during a late period of Eocene deformation in the presence of 

meteoric fluid. Thus, the vein formed during a late stage of protracted Eocene 

deformation that induced exhumation and cooling of the deeper segments of the RRDSZ 

(RR91-20). 

Two new muscovite 40Ar/39Ar ages of 15.8 ±0.3 Ma and 18.7 ±0.4 Ma, together with δ2H 

and δ18O data from quartzite mylonite at the base of the RRDSZ at Clear Creek Canyon, 

delimit the end of ductile deformation in the footwall of the Raft River detachment to 16–

15 Ma. The 18.7 ±0.4 Ma age from a deformed muscovite-bearing quartz vein in 

mylonitic quartzite predates the formation of white mica in the highly sheared 

synextensional schist layer (at 8–12 m in Fig. 3C) and possibly reflects vein formation or 

cooling during the Miocene deformation history. Together with the low δ2Hms values (-90 

‰ to -122 ‰), we interpret the 15.8 ±0.3 Ma to reflect late-stage interaction with 

meteoric fluids at or near the brittle-ductile transition in the mylonitic quartzite and quartz 

veins, when deformation and fluid flow were localized along discrete fluid (and 

deformation) pathways. A 16–15 Ma deformation age is well in line with postulated 

middle Miocene extension and deformation along the RRDSZ at Ten Mile Canyon (~15 

Ma (Wells et al., 2000)) and documents the transition to brittle faulting in the upper crust 

and associated basin formation with deposition in the synextensional Raft River Basin 

starting prior to 13.5 Ma (Konstantinou et al., 2012). Collectively, these data are 

consistent with progressive extension-induced cooling and detachment-related 

exhumation by middle Miocene west-to-east unroofing along the Raft River detachment 

fault. 

4.2. Deformation Temperatures and Development of Deformation Microstructures 

At Pine Creek Canyon in the western Raft River Mountains, the limited oxygen isotope 

exchange thermometry data points to temperatures of 374 ± 37 °C in samples that 

experienced interaction with very low δ2H meteoric fluids (Figs. 2 and 6). Observed 

deformation microstructures are consistent with two distinct temperature regimes of 

dislocation creep: (1) Incipient bulging recrystallization and internal deformation features, 

such as undulose extinction and deformation lamellae, indicative of low-temperature 

deformation mechanisms and temperatures of 300–400 °C (Stipp et al., 2002), and (2) 

pinning, dragging, and inclusion of small muscovite grains in quartz ribbons pointing to 

mobile grain boundary behavior at elevated temperatures of ~450–500 °C (Stipp et al., 

2002). One possible interpretation, therefore, is that Eocene (45–40 Ma) deformation of 

the Elba Quartzite occurred at temperatures of 374 ±37 °C and progressive exhumation 

and cooling of the detachment footwall established the lower temperature microstructures 
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toward the end of Eocene extension. Alternatively, we prefer a scenario in which a lower 

temperature overprint (300–350 °C and hence at/below the 40Ar closure temperature 

interval) that postdates Eocene extension accounts for the seemingly distinct 

recrystallization regimes. In this scenario, quartz deformation features such as undulose 

extinction, subgrain formation, and deformation lamellae, as well as sutured grain 

boundaries and small grain-boundary bulges, correspond to zones of localized Miocene 

strain and associated fluid-rock interaction that reset muscovite hydrogen isotope 

compositions toward values of δ2Hms ≥ -125 ‰. 

Such low Miocene temperatures and associated higher δ2Hfluid values for late-stage 

deformation processes in the western Raft River Mountains are reasonable and agree well 

with the observed middle Miocene deformation temperatures at the Clear Creek Canyon 

and Ten Mile Canyon localities in the eastern Raft River Mountains. At these structurally 

deeper levels of the exhuming core complex footwall, oxygen isotope exchange 

temperatures within deformed Elba Quartzite show strongly compressed (140 °C/100 m) 

isotherms with temperatures as low as 345 ±25 °C and reaching up to 485 ±20 °C at Clear 

Creek Canyon (Gottardi et al., 2011) and 370 ±27 °C at Ten Mile Canyon, and δ2Hms 

values are in the range of -90 ‰ to -125 ‰ (Fig. 3). 

4.3. Meteoric Fluid Flow Within the Raft River Detachment System 

At Pine Creek Canyon, δ2Hms values range from -125 ‰ to -154 ‰ and strongly contrast 

with δ2Hms values of -90 to -125 ‰ in the eastern Raft River Mountains at Clear Creek 

Canyon and Ten Mile Canyon (Fig. 6). Assuming Eocene deformation temperatures of 

374 ±37 °C at Pine Creek Canyon, calculated hydrogen isotope fluid compositions 

(δ2Hfluid) (using temperature-dependent isotope fractionation coefficients from Suzuoki 

and Epstein (1976); for a more detailed description of this calculation, see section 4 in 

Text A4 and Table A4.5 in the Appendix 4) for Pine Creek Canyon range between -114 

‰ and -126 ‰, whereas in the eastern Raft River Mountains δ2Hfluid values range from -

86 ‰ to -95 ‰ (Ten Mile Canyon; 370 ±27 °C) and from -83 ‰ to -103 ‰ (Clear Creek 

Canyon; assuming equilibrium temperatures between 345 and 485 °C (Gottardi et al., 

2011)). The Pine Creek Canyon and Clear Creek Canyon/Ten Mile Canyon localities 

therefore document δ2Hfluid values that clearly show a meteoric origin of the circulating 

fluids present during recrystallization and muscovite-fluid isotopic exchange (e.g., 

Taylor, 1978; Sheppard, 1986; Kerrich, 1988; Wickham et al., 1993; Mulch et al., 2007; 

Gottardi et al., 2011). However, calculated δ2Hfluid values are distinctively different for 

Eocene (δ2Hfluid values as low as -126 ‰) and Miocene (lowest δ2Hfluid values of ~ -95 ‰ 

to -103 ‰) extension-related fluid-rock interaction, indicating two distinct fluid 

infiltration events. Both, however, require that 2H-depleted meteoric water percolated into 
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the uppermost levels of the detachment footwall during phases of active shearing along 

the detachment. This can only be achieved if, during Eocene and Miocene extension, 

brittle fault networks in the upper plate provided a porosity and permeability structure 

adequate for the downward transport of surface-derived fluids and hydraulic connectivity 

to actively deforming ductile footwall rocks (e.g., Fricke et al., 1992; Person et al., 2007). 

Across the RRDSZ at Pine Creek Canyon we systematically observe intervals with 

increasing δ2Hms values downsection (up to -125 ‰; Fig. 2C). This pattern might result 

from protracted fluid-mineral hydrogen isotope exchange extending over tens of meters 

downsection, which shifts the δ2Hfluid of the residual fluid toward higher values, or 

reflects fluid flow that is coupled to more permeable layers (e.g., along muscovite rich 

layers) and lower δ2Hms values result from higher time-integrated fluid-rock ratios. 

Whatever the associated process, it is notable that the bounds to these δ2Hms data 

correspond to the lowest δ2Hms values of Miocene (~ -125 ‰) muscovites in the eastern 

Raft River Mountains at Clear Creek Canyon and Ten Mile Canyon (Fig. 6). We therefore 

suggest that the observed δ2Hms pattern at Pine Creek Canyon results from pervasive 

Eocene (45–40 Ma) fluid-rock interaction across the entire section of Elba Quartzite with 

meteoric fluids that had δ2Hfluid ≥ -126 ‰ and subsequent middle Miocene (18–15 Ma) 

overprint along discrete fluid pathways with meteoric fluids that had δ2Hfluid ≥ ~ -100 ‰; 

an interpretation that is supported by our microstructural observations (section 4.2). The 

distribution of muscovite with δ2Hms = -132 ‰ to -125 ‰ indicates that pathways of mid-

Miocene meteoric fluids in the Pine Creek Canyon section developed at several levels 

across the entire thickness of Elba Quartzite and that these pathways were strongly 

localized within the RRDSZ. This pattern contrasts with the strongly attenuated sections 

of the RRDSZ in the eastern Raft River Mountains (Figs. 3 and 6), where only the middle 

Miocene δ2H signal is preserved in muscovite and very high strains enabled complete 

recrystallization of the quartzite fabric (Fig. 7). 

4.4. Exhumation History of the RAG-MCC 

Metamorphic core complexes in the western United States have been key elements in our 

understanding of crustal and lithospheric deformation processes, yet despite several 

decades of research many aspects of their tectonic and topographic development remain 

controversial. Undoubtedly, Miocene Basin and Range extension played a major role in 

establishing the present-day architecture of crust and lithospheric mantle underlying the 

Great Basin. However, there is increasing evidence that deformation structures preserved 

in the exhumed mylonitic footwall of MCCs may preserve geological information that 

dates back to earlier episodes of their tectonic history (e.g., Wells et al., 1990, 2004; 

Foster et al., 2007, 2010; Gébelin et al., 2011, 2014; Vogl et al., 2012; Wong et al., 2013). 
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This also holds true for the RAG-MCC where middle to late Miocene exhumation along 

the RRDSZ was associated with unroofing and doming of the MCC postdating Oligocene 

intrusion of plutons (e.g., Wells et al., 2000; Konstantinou et al., 2012). Extensional 

exhumation as early as the middle Eocene has been postulated to be the most likely 

explanation for Eocene cooling of the RAG-MCC (Wells, 2001) and has previously been 

attributed to the structurally higher top-to-the-WNW Middle Mountain shear zone (Wells, 

2001; Wells et al., 2004, 2012). Here we expand this view and document that the east-

rooted RRDSZ has a protracted history of exhuming ductile footwall rocks that started 

already in mid-Eocene time (45–40 Ma). 

Our stable and radiogenic isotope data point to active Eocene deformation and associated 

fluid flow within the RRDSZ in the western Raft River Mountains. Even though we 

cannot determine the age of individual microstructures in the Elba Quartzite of Pine 

Creek Canyon, overall macroscopic and microscopic criteria indicate Eocene top-to-the-

east shearing along the RRDSZ, and therefore, this zone may have been conjugate to the 

Eocene top-to-the-west Middle Mountain detachment fault, establishing a bivergent 

exhumation system (Fig. 7). We partly revise previous interpretations (Wells et al., 2000) 

that microfabric development within the western Raft River Mountains is exclusively due 

to low-temperature Miocene shearing along the Raft River detachment fault by 

documenting that (1) top-to-the-east sense of shear occurs in quartzite mylonite at the 

Pine Creek Canyon section, (2) white mica in these mylonites has low δ2Hms values 

(down to -154 ‰) that are distinct from the δ2H values of either metamorphic muscovite 

or muscovite from the Elba Quartzite that experienced intense Miocene deformation and 

fluid-rock isotope exchange (δ2Hms between -90 and -125 ‰), and (3) 40Ar/39Ar ages of 

these low-δ2Hms samples indicate Eocene deformation of late-tectonic veins, fluid flow, 

and quartzite recrystallization in the RRDSZ, thus documenting the presence of an E-

directed Eocene detachment system as early as 45–40 Ma. 

The preservation of an Eocene fluid signal (δ2Hfluid ≥ -126 ‰) with a Miocene overprint 

(δ2Hfluid ≥ ~ -100 ‰) further documents that white mica-bearing fabrics in footwall 

mylonite of the Elba Quartzite in the western part of the Raft River Mountains were only 

locally affected by Miocene shearing along the RRDSZ. The Miocene RRDSZ might 

therefore be a reactivation and/or continuation of an Eocene top-to-the-east shear zone, 

suggesting that the top-to-the-WNW Middle Mountain shear zone was not the sole 

initiator of Eocene exhumation in the RAG-MCC. If correct, this documents an even 

earlier phase of bivergent core complex exhumation along two oppositely rooted 

detachment systems (Raft River detachment shear zone and Middle Mountain shear zone; 

Fig. 7) in the RAG-MCC (e.g., Malavieille and Taboada, 1991). 
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5. Conclusions 

Based on 40Ar/39Ar geochronological, stable isotopic, and microstructural evidence we 

postulate that extensional deformation along an Eocene detachment shear zone predates 

exhumation of mylonitic footwall rocks in the RAG-MMC along the mid-Miocene Raft 

River detachment fault. Eocene extension within the Cordilleran hinterland therefore not 

only occurred at more northerly latitudes (e.g., Constenius, 1996; Vanderhaeghe et al., 

2003; Foster et al., 2007, 2010; Mulch et al., 2007) but most likely also characterized 

regions of the northeastern Great Basin (e.g., Druschke et al., 2009; Wells et al., 2012), 

possibly as far south as the Snake Range MCC (Gébelin et al., 2014).  

Eocene (circa 45–40 Ma) east-rooted detachment formation in the RAG-MCC was 

characterized by (1) very low δ2H meteoric fluids (δ2Hfluid ≥ -126 ‰), (2) quartzite 

microstructures indicative of top-to-the-east shearing under upper greenschist-facies (374 

±37 °C) conditions, and (3) (re)crystallization of white mica in synkinematic to late 

kinematic quartz veins at 40.4 ±0.5 Ma. A subsequent phase of ductile extensional 

deformation along the Raft River detachment fault was active until the mid-Miocene (18–

13 Ma) when recrystallization of low-δ2H muscovite ended in the RRDSZ. Hydrogen 

isotope exchange with meteoric water (δ2Hfluid ≥ ~ -100 ‰) was pervasive in the deepest 

(easternmost) structural levels of the exhumed RRDSZ (Ten Mile Canyon and Clear 

Creek Canyon). 

The superposition pattern of middle Eocene and middle Miocene fluid-rock interaction 

within the quartzite mylonite of the RRDSZ in the western Raft River Mountains suggests 

that, in this region of the Miocene detachment system, localized rather than pervasive 

fluid flow accompanied deformation. The top-to-the-east middle Miocene extensional 

shearing might be a reactivation of a precursor Eocene top-to-the-east detachment shear 

zone in the Raft River Mountains forming a conjugate system to the middle-late Eocene 

to Oligocene Middle Mountain shear zone (Saltzer and Hodges, 1988; Wells et al., 2004; 

Strickland et al., 2011a). Therefore, core complex exhumation along two oppositely 

rooted detachment systems possibly already started in Eocene times in the Raft River-

Albion-Grouse Creek Mountains. 
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Fig. 1. (A) Simplified map of the western United States showing Cenozoic extension 

(dark grey regions) and metamorphic core complexes (red). Modified from Foster et al. 

(2007) and Sonder and Jones (1999), (B) simplified geological map of the Raft River-

Albion-Grouse Creek Metamorphic Core Complex with the top-to-the-east Raft River 

detachment shear zone (RRDSZ) in the Raft River Mountains and the top-to-the-WNW 

Middle Mountain shear zone in the Albion and Grouse Creek Mountains (modified from 

Wells (1997),Wells et al. (2012), and Konstantinou et al. (2013)).White dots mark Pine 

Creek Canyon, Clear Creek Canyon, and Ten Mile Canyon sampling localities. 
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Fig. 2. (A) Section of variably deformed Elba Quartzite at Pine Creek Canyon showing 

the location of hydrogen isotope (circles), 40Ar/39Ar geochronology (stars), and oxygen 

isotope exchange thermometry (pentagons) samples. (B) Range of typical δ2Hms values 

indicative of interaction with meteoric and metamorphic fluids (notice the different scale 

compared to Fig.2C). (C) Muscovite hydrogen isotope values (δ2Hms) of Elba Quartzite at 

Pine Creek Canyon. Multiple data points show replicates and different grain size 

fractions. 



 

 

 

Fig. 3. (A) Simplified geological map and cross section of the Raft River Mountains (with sampling localities: B = Pine Creek Canyon, C = 

Clear Creek Canyon, and D = Ten Mile Creek) adapted from Wells et al. (2000). (B–D) Sections through Elba Quartzite with δ2Hms values 

(versus VSMOW) from mylonitic quartzite (grey circles), mica-rich schist (orange circles), regolith (grey square), oxygen exchange-based 

temperatures (orange pentagons), and 40Ar/39Ar data (yellow stars) from each sampling locality: (Fig. 3B) Pine Creek Canyon, (Fig. 3C) Clear 

Creek Canyon, and (Fig. 3D) Ten Mile Creek Canyon. The composite section as well as δ2Hms values from mylonitic quartzite (grey circles) of 

the Clear Creek Canyon are adapted from Gottardi et al. (2011). The succession of profiles from west to east reveals the thinning of the Elba 

Quartzite in the direction of shearing. 
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Fig. 4. Macroscopic and microscopic structures of the deformed Elba Quartzite at Pine 

Creek Canyon: (a) Stereogram of foliation poles (circles) and stretching lineation 

(triangles). (b) Mylonitic foliation with C′-shear bands indicating top-to-the east sense of 

shear. (c) Flat and elongate muscovite parallels C-plane with very high aspect ratios; 

grain-size reduction of quartz occurs preferentially in mica-rich parts (RR-07-25, 125 m 

above basement). (d) Grain boundary bulging and migration at the boundaries of large 

quartz grains (arrows) and castellated grain shape of quartz (box) (RR-07-34, 207 m). (e) 

Deformation lamellae indicative of high differential stress in large quartz grains (RR-07-

34, 207 m). Castellate grain boundaries (arrow 1) and grain boundary pinning as well as 

aligned fluid inclusions (arrow 2) point to mobile grain boundaries. (f) Elba Quartzite 

sample with high-temperature grain boundary migration recrystallization microstructures, 

lacking evidence for low-temperature deformation microstructures such as grain 

boundary bulging, deformation bands, deformation lamellae, or undulose extinction 

(RR91-20, 75 m).   
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Fig. 5. 40Ar/39Ar age spectra of white mica from (a) Pine Creek Canyon and (b) Clear 

Creek Canyon (CC) and Ten Mile Canyon (TM) localities. Black spectra are bulk furnace 

heating results (Wells et al., 2000), white and grey spectra are laser heating experiments 

of 2–4 grains (this study). Results from samples of this study do not form 40Ar/39Ar 

plateau ages by any standard criteria, rather preferred weighted mean ages for each 

sample are reported from contiguous incremental heating steps with > 50 % of 39Ar 

released that have similar 40Ar*/39Ar ratios. 
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Fig. 6. Comparison of δ2Hms values of white mica from Pine Creek Canyon (blue), Clear 

Creek Canyon (green), and Ten Mile Canyon (yellow) across the Raft River detachment 

shear zone. Part of the δ2Hms data of the Clear Creek Canyon is adapted from Gottardi et 

al. (2011) (see Fig. 3 and Appendix).  
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Fig. 7. Tectonic models illustrating the exhumation and fluid flow history of the RAG-

MCC (adapted and modified from Wells [2001]). Based on microstructural, 40Ar/39Ar 

geochronological, and stable isotopic evidence, we suggest two different exhumation and 

fluid infiltration events with distinct fluid compositions: (a) Mid-Eocene (45–40 Ma) 

exhumation and top-to-the-east shearing was accompanied by infiltration meteoric fluids 

with very low δ2H values (δ2Hffluid ≥ -126 ‰) resulting in δ2Hms values as low as -154 ‰, 

(b) Mid-Miocene extensional top-to-the-east shearing along the Raft River detachment 

fault led to localized hydrogen isotope exchange with meteoric water attaining δ2Hfluid 

values of ≥ ~ -100 ‰ resulting in δ2Hms ≥ -125 ‰. PC = Pine Creek; CC = Clear Creek; 

TM = Ten Mile Canyon. Ar Tc = Closure temperature to 40Ar diffusion in muscovite; 

BDT = brittle-ductile transition of quartz. 
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Abstract 

The topography of the present-day Washington Cascades impacts atmospheric circulation 

and precipitation patterns in the Pacific Northwest, introducing a pronounced orographic 

rain-shadow in the lee of the mountain range. The temporal development of Cascade 

topography, however, remains largely unconstrained for the Early Cenozoic. Based on 

coupled clumped isotope (∆47) and oxygen isotope (δ18O) measurements we present δ18O 

values of Eocene near surface groundwater (δ18Owater) from the Chumstick basin (central 

Washington) located in the present-day Cascade rain shadow. ∆47 (paleo)thermometry 

indicates a systematic change in basin burial temperatures from 110°C to 70°C depending 

on burial depth in the basin. These data are in good agreement with low-T 

thermochronological and vitrinite reflectance data, and further constrain the basin burial 

and exhumation history. In concert with field observations, microstructural analysis, and 

δ
18O values of the analyzed carbonates, we suggest that the ∆47 temperatures reflect 

carbonate formation early during burial diagenesis from near-surface groundwater. 

Reconstructed mean δ18Owater values of -7 ‰ (mid-Eocene) to ~ -9 ‰ (late Eocene/early 

Oligocene) are consistent with a low-elevation source of the corresponding meteoric 

waters that permeated the sandstone/conglomerate members of the Eocene/Oligocene 

sedimentary units. In light of the paleogeographic setting of the Chumstick Basin, the 

reconstructed δ18Owater values agree well with Pacific-derived moisture that did not 

experience strong rainout. The absence of an Eocene/Oligocene rain shadow effect 

therefore permits only moderate elevation at least for the southern part the Washington 

proto-Cascades.  
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1. Introduction 

The topography of high mountain ranges exerts a strong impact on atmospheric 

circulation and precipitation patterns and is a key element in understanding the interplay 

of Earth surface processes and lithospheric-scale geodynamics. The topographic history 

of the world’s major orogens, therefore, remains one of the key challenges when 

discussing the interactions among tectonics, climate, and Earth surface processes (e.g., 

Ruddiman and Kutzbach, 1989; Molnar and England, 1990; Chamberlain et al., 2012). 

The Cascade Range in western North America is a prominent example where present-day 

topography induces a strong orographic rain-shadow in the lee of the mountain range 

(e.g., Siler et al., 2012). Today the Cascades interfere with Pacific-derived air masses and 

focus precipitation along their western flanks while enforcing dry climate conditions in 

the eastern continental interior. Thus, the spatial and temporal development of topography 

and relief in the Cascades and their interaction with Pacific-derived moisture over time 

has gained continuous attention (e.g., Smith, 1903; Smiley, 1963; Leopold and Denton, 

1987; Kohn et al., 2002; Reiners et al., 2002, 2003; Takeuchi and Larson, 2005; Kohn 

and Law, 2006; Mitchell and Montgomery, 2006; Mitchell et al., 2009; Mustoe and 

Leopold, 2014; see also compilation in Mitchell and Montgomery, 2006), yet the early 

Cenozoic topographic history of the Cascades is still largely unconstrained. 

Paleotopography and paleoclimate (modeling) studies of the early Cenozoic North 

American Cordillera mostly focused on the Sevier fold and thrust belt and the Sevier 

hinterland. Collectively stable isotope paleoaltimetry and paleobotanical data reveal that 

extensive regions of western North America occupied a high elevation, plateau 

configuration by the end of the Eocene (e.g., Chase et al., 1998; Wolfe et al., 1998; 

Horton et al., 2004; Mulch et al., 2004, 2006, 2007; Fan and Dettman, 2009; Hren et al., 

2010; Huntington et al., 2010; Mix et al., 2011; Chamberlain et al., 2012; Feng et al., 

2013). The location of the western plateau margin, however, is still poorly constrained. A 

proto-Cascade range, therefore, might have been the “western edge” of a Cordilleran 

plateau or alternatively, represented arc-/wedge-related topography above the Pacific 

subduction system. Systematic changes in the stable oxygen (δ18O) and hydrogen (δ2H) 

isotope compositions of precipitation provide a robust tool to reconstruct paleoelevation 

of mountain ranges if the isotopic composition of orographic precipitation is preserved in 

the geological record and the competing effects of topography, climate, and atmospheric 

circulation on stable isotopes in precipitation can be adequately assessed (e.g., 

Chamberlain and Poage, 2000; Garzione et al., 2000; Mulch et al., 2004; Quade et al., 

2007; Rowley and Garzione, 2007; Mulch, in rev.). Stable isotope paleoaltimetry is based 

on the systematic decrease of δ18O and δ2H values in precipitation as air-masses ascend 

and traverse an orographic barrier. As a result, the windward flanks of many orogens 
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typically show a change in δ18O with elevation (e.g., Ingraham and Taylor, 1991; 

Garzione et al., 2000; Schemmel et al., 2013) that averages -0.28 ‰/100 m (Poage and 

Chamberlain, 2001). Along the North American Pacific margin, similar systematic 

relationships are documented in the Sierra Nevada and Washington Cascades, both 

regions where the average elevation scales with δ18O of precipitation. This isotopes in 

precipitation effect translates into the leeward rain shadow of these ranges (e.g., Kendall 

and Coplen, 2001; Dutton et al., 2005).  

Paleogene oxygen isotope (δ18O) precipitation maps still lack records from the Pacific 

Northwest and thus are unable to constrain the E-W extent of the Eocene plateau (c.f., 

Mix et al., 2011; Chamberlain et al., 2012). Therefore, stable isotope paleoaltimetry 

records from the Pacific Northwest would substantially contribute to our understanding of 

early Cenozoic patterns of surface uplift in the North American Cordillera. Decreasing 

δ
18O values in Mio-/Pliocene authigenic clays from paleosols and altered tuffs, however, 

suggest that surface uplift of the present-day Washington Cascades started no later than 

~16 Ma ago and continued until ~ 4 Ma (Takeuchi and Larson, 2005), potentially some 

10 m.y. after onset of rain shadow conditions in the Oregon Cascades (Kohn et al., 2002). 

Surface uplift of the Washington Cascades leading to present-day Cascade topography 

has been suggested to have started in the middle to late Miocene (Reiners et al., 2002; 

Takeuchi and Larson, 2005) or even as late as the Pliocene (Mustoe and Leopold, 2014). 

It also has been suggested that the Washington Cascades experienced a complex 

polygenetic topographic history with spatial differences between the southern (south of 

Snoqualmie Pass) and the northern Washington Cascades, which might have already been 

at higher elevations during the Miocene (Mitchell and Montgomery, 2006). 

Here, we provide a δ18O record of near-surface groundwater (δ18Owater) as preserved in 

terrestrial sedimentary sequences of the Eocene Chumstick basin, which today is located 

in the rain shadow of the northern Washington Cascades. Combining information on the 

basin burial history (Evans, 1988, 1994; Enkelmann et al., 2015) we use clumped isotope 

(∆47) thermometry to reconstruct δ18O values of Eocene groundwater in the Chumstick 

basin. Our ∆47 thermometry (T(∆47)) results indicate that the Chumstick basin sediments 

experienced carbonate growth at temperatures between 70 °C and 110 °C depending on 

burial depth, a result in accord with thermochronological and vitrinite reflectance data. In 

concert with field observations and microstructural analysis of the analyzed carbonates, 

we suggest that these carbonates formed early during burial diagenesis from near-surface 

groundwater. Combining T(∆47) with δ18O values of the carbonates (δ18Ocarbonate), the 

resulting fluid δ18O values indicate a meteoric origin of these near-surface groundwaters 

with δ18Owater = -5.2 ‰ to -11.3 ‰. When compared to the Miocene precipitation records, 
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such δ18Owater values agree well with Pacific-derived moisture that did not experience 

strong orographic rainout.  

2. Geological setting  

Following mid-Cretaceous crustal shortening, thrusting and pluton emplacement along 

the southern Coast Belt (Washington Cascades and British Columbia), plate boundary 

dynamics changed from arc-normal contraction to transpression and transtension due to 

northward oblique convergence of the Kula plate, which resulted in dextral strike-slip and 

thrust faulting starting at about ~85 Ma (e.g., Johnson, 1985; Umhoefer and Miller, 1996; 

Paterson et al., 2004). The resulting dextral fault systems were active until the end of the 

Paleocene, accounting for a total offset of about 215 km to 255 km (Umhoefer and Miller, 

1996). After this transpressive phase, Eocene deformation was dominated by dextral 

faulting and extension (e.g., Miller and Bowring, 1990; Umhoefer and Miller, 1996), 

leading to basin development in the North Cascades region during the Paleogene 

(Johnson, 1985; Heller et al., 1987).  

The Chumstick basin, situated to the east of the modern Cascade Range (Fig. 1a), is an 

Eocene fault-bounded terrestrial basin, confined by the Entiat Fault Zone (EFZ) to the 

east and the Leavenworth Fault Zone (LFZ) to the west. It is separated into two subbasins 

by the Eagle Creek Fault Zone (ECFZ) (Fig. 1b). To the south, the basin termination is 

covered by the middle Miocene Columbia River Basalt Group (CRBG) and it has been 

speculated that the Chumstick sediments continue beneath the CRBG (Evans, 1988). 

Models of the basin evolution include (a) an (oblique) strike-slip origin (pull-apart basin) 

(e.g., Johnson, 1985; 1996; Taylor et al., 1988), (b) a two-stage model comprising 

extensional half-graben formation bounded to the east by the ECFZ (> 51 Ma) followed 

by dextral strike-slip deformation (approximately 44-42 Ma) (Evans, 1994), and (c) a 

regional syncline without Eocene extension-related basin formation (Cheney and 

Hayman, 2009).  

Chumstick Formation (Fm.) sediments comprise syntectonically deposited fluvial, 

alluvial and lacustrine units mainly derived from proximal sources (Gresens et al., 1981; 

Johnson, 1985; Evans, 1988, 1994). Deposition of the Chumstick Fm. was rapid and 

largely tectonically controlled resulting in apparently large sedimentary thicknesses. 

However, the total stratigraphic thickness of the Chumstick Fm. remains debated. 

Thermal maturity (Evans, 1988) and geophysical data (Silling, 1979) suggest a basin 

thickness of ≤ 2 km, whereas the composite stratigraphic thickness is reported to be 5.2 

km (Cheney and Hayman, 2009), ~ 8 km (Gresens et al., 1981), or up to 12 km due to the 

lateral offset of sediment source regions during deposition (Fig. 1c) (Evans, 1988, 1991a).  
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Based on multi-proxy analyses (including pollen, plant macrofossils, zircon fission track 

and radiometric data, air-fall and ash-flow tuffs, vitrinite reflectance and provenance 

data), (Evans, 1988, 1991b, 1994) deduced the following stratigraphic subdivision of the 

Chumstick Fm. (Fig 1b, c and 2): 

Phase 1: 51 – 42 Ma; Clark Canyon member; fluvial deposition in the western subbasin 

with general paleoflow directions to the west and southwest without any relief at the LFZ.  

Phase 2: 42 – 40 Ma; Tumwater Mountain member (west) and Nahahum Canyon member 

(east); formation of an eastern subbasin as a transtensional step-over basin between two 

overlapping dextral faults and deposition of mixed fluvial-lacustrine sediments with 

internal drainage and tectonic control of the lake margins (Nahahum Canyon member); 

fluvial deposition in the western subbasin with south-east directed axial-drainage system 

(Tumwater Mountain member).  

Phase 3: 40 – 37 Ma; Deadhorse Canyon member; fluvial deposition throughout the entire 

basin predominantly in the northern and southeastern part of the basin. Phase 3 

unconformably overlies deformed and hydrothermally altered rocks in the southern basin.  

Depositional systems and paleoenvironments were presumably humid-tropical, alluvial-

fan systems fed by moderate-sized rivers that dissected vegetated fault scarps of moderate 

to low relief (Evans, 1988, 1991a, b). Leaf fossil assemblages in the Chumstick basin are 

composed of broad-leaved evergreen and deciduous vegetation, with a minor component 

of conifers. They show characteristics intermediate among paratropical, subtropical, and 

temperate floras with evidence for rainfall seasonality (Evans, 1991a). Physiognomic 

characteristics of the Chumstick paleoflora point to mean annual temperatures of ~14°C 

and middle to late Eocene cooling (Evans, 1988, 1991a). The Chumstick paleofloral 

assemblage, approximately 150 km inland of the Eocene Pacific coast, shows elements of 

lowland and montane rainforest vegetation typical of moderate elevations (Evans, 1991a). 

The Eocene Chumstick floral elements hence point to an intermediate position between 

the coastal (Puget) sites and high elevation basins in the intermontane belt (e.g., Republic 

basin) (e.g., Wolfe, 1987; Wolfe et al., 1998).  

3. Materials and Methods 

3.1. Sample collection  

We sampled sections throughout the Chumstick basin (Fig. 1b), comprising all three 

depositional phases (Evans, 1988, 1991a). Carbonate-cemented concretions are common 

in the medium to coarse-grained immature sandstones of the Chumstick Fm.. These 

roundish to ellipsoidal sometimes “bowl-shaped” calcite-cemented concretions (with long 
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axis and flat tops parallel to the bedding plane) are commonly present in distinct layers. 

Field observations suggest that these concretions formed at or immediately below the 

groundwater table or in the capillary fringe of the vadose zone (bowl-shaped concretions 

might represent top of a fluctuating water table) as they share common characteristics 

typical of groundwater concretions (e.g., Quade and Roe, 1999; Mack et al., 2000; Bera et 

al., 2010; Singh et al., 2014). If these concretions form in shallow groundwater/vadose 

zone, where carbon species are in equilibrium with plant-derived CO2, they may be 

suitable for paleoenvironmental reconstructions (Quade and Roe, 1999). However, high-

temperature calcite cements (phreatic cements after Mack et al. (2000)) often lack direct 

paleoclimatic and paleoenvironmental information (Quade and Roe, 1999; Mack et al., 

2000; Bera et al., 2010; Singh et al., 2014). In contrast to their δ13C values, oxygen 

isotope values of such carbonates depend on groundwater composition, ambient 

temperature as well as the water-rock ratio (e.g., Zheng and Hoefs, 1993) and 

groundwater carbonate concretions regularly show lower δ18Ocarbonate values due to 

elevated temperatures and/or high water-rock ratios (e.g., Banner and Hanson, 1990; 

Zheng and Hoefs, 1993; Quade and Roe, 1999; Bera et al., 2010) when compared to their 

pedogenic counterparts. 

3.1.1. Phase 1 deposits (Clark Canyon) 

Phase 1 deposits are exposed in the western Chumstick subbasin (Fig. 1b and 2) and we 

sampled 14 carbonate concretions along the Clark Canyon section (see Appendix tables 

A5.1 and A5.2 for all samples and outcrop locations). This section is mainly composed of 

conglomerates and medium- to coarse-grained sandstones reflective of gravel-bedload 

stream deposits (Evans, 1988). Tuffs collected at this locality point to a depositional age 

of ~50 Ma (Evans, 1988, 1994). Samples are fine- to coarse-grained calcite-cemented 

sandstone concretions, roundish to ellipsoidal in shape and up to 30 cm in diameter. 

Concretions are often arranged in layers parallel to the bedding planes (Fig. 3a) and 

occasionally bedding is still discernable in medium-grained concretions (Fig. 4a). Most 

concretions show reddish, 0.5 cm to 1.5 cm thick, carbonate-free alteration rims (Fig. 3e 

and Appendix Fig. A5.1f). Samples for clumped isotope analysis are (1) a fine to 

medium-grained sandstone concretion with a thin dark red alteration rim (sample 11-KM-

035) and (2) a coarse-grained sandstone concretion with a ~1 cm thick reddish alteration 

rim (11-KM-039). Thin section analysis shows that the main components of the 

concretions are angular quartz grains with minor amounts of biotite and feldspar. The 

concretions are grain-supported and cemented with pseudosparitic (15-30 µm) to sparitic 

(>30µm) calcite (Fig. 4b).  
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3.1.2. Phase 2 deposits (Camasland, Camas Creek, Monitor, Olalla Canyon, and 

Nahahum Canyon) 

Western subbasin deposits, proximal to the Leavenworth fault zone at the southeastern 

side of the Chumstick basin (Fig. 1b and 2), are dominated by gravel-bedload stream 

deposits, mainly composed of conglomerates and coarse-grained sandstones (Camasland), 

and sand-bedload stream deposits, mainly composed of sandstones (Camas Creek). At 

Camas Creek, roundish calcite-cemented concretions can be found in steeply dipping, 

immature medium- to coarse-grained sandstones (Fig. 3b). Here, we sampled 21 

concretions in a section of about 180 m. In the conglomerate deposits at Camasland 

concretions were absent and only two samples were found in the coarse-grained 

sandstones. 

Deposits of the eastern subbasin mostly represent deltaic-lacustrine environments, which 

were sampled at Olalla Canyon and Nahahum Canyon (Fig. 1b) and mainly consist of 

mudstones/paper shales interlayered with silt- and fine-grained sandstone beds (Fig. 2 and 

3c). Farther south, the Monitor section exposes sandstones and minor mudstones, which 

together represent mixed-load stream deposits as part of the lacustrine-deltaic system 

(Evans, 1988, 1991b). Here, we sampled 13 concretions along ~ 40 m of section. 

3.1.3. Phase 3 (Deadhorse Canyon, Cole’s Corner, North Plain, and Malaga Road) 

During depositional phase 3, two depositional centers probably existed in the Chumstick 

basin (Fig. 1b and 2): In the north, phase 3 deposits were sampled at Deadhorse Canyon, 

Cole’s Corner, and North Plain (Fig. 1b and 2) that represent mixed-load stream deposits, 

including point-bar, overbank deposits, channel slumps, and massive channel-fill deposits 

(Evans, 1988, 1991b, 1994). The Deadhorse Canyon section has been extensively 

sampled with 48 mostly carbonate-cemented sandstone concretions and some calcified 

sandstone horizons over ~570 m. Many of the sandstone concretions show a reddish 

alteration rim and a grey-yellowish core. At Cole’s Corner, we sampled 6 calcite-

cemented sandstone concretions over ~10 m. Concretions occur parallel to the bedding 

and nearly coalesce to horizons (Fig. 3d). Two samples for ∆47 analyses were chosen 

from each locality: From Deadhorse Canyon these are an ellipsoidal/”bowl-shaped” (10 

cm x 30 cm) medium- to coarse-grained sandstone concretion (11-KM-224, from the 

lower part of the section) and a roundish (~10 cm in diameter) fine-grained sandstone 

concretion with the typical reddish rim (11-KM-256, from the top of the section). The 

former exhibits a decreasing grain size over the short axis and thus indicates growth 

parallel to bedding (Fig. 4a). Thin section analysis indicates dominance of angular quartz 

grains and biotite and feldspar as minor components in a pseudosparitic to sparitic calcite 

matrix (Appendix Fig. A5.1a). At Cole’s Corner, we analyzed two calcite-cemented 
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sandstone concretions (12-KM-012 and 12-KM-016). In thin section these fine- to 

medium grained concretions exhibit a higher amount of biotite when compared to the 

Deadhorse Canyon samples, but similar characteristics such as quartz as the main 

component and pseudosparitic to sparitic calcite cement (Appendix Fig. A5.1b). 

In the southern Chumstick basin, the Malaga Road section, southwest of Wenatchee (Fig. 

1b), is mainly composed of sandstone and shale, and localized conglomerate layers and 

reflects sand-bedload stream deposits. It is the best-preserved section in terms of soil 

features with rootlets, root casts, and small nodules, but also contains large bowl-shaped 

concretions (up to 40 cm length). Carbonate can be found in small (~5 cm) to large (~40 

cm) concretions (Fig. 3f and 3g), thin calcified horizons, and root molds (Fig. 3h) (25 

samples over ~60 m of section). Samples for ∆47 analysis are (1) calcified horizons of 

fine-grained sand- or siltstone from the top (11-KM-046), middle (11-KM-059), and 

lower (11-KM-071) part of the section (Fig. 5), (2) a root mold that is carbonate cemented 

and infilled with medium-grained sand (11-KM-057), and (3) a medium- to coarse-

grained sandstone concretion (11-KM-055). In thin section, these macroscopically 

different samples show similar microscopically characteristics with dominance of angular 

quartz grains and feldspar and biotite as minor components. Samples are grain-supported 

and filled with microsparitic (~5-15 µm) to sparitic (>30µm) calcite cement (Fig. 4c and 

Appendix Fig A5.1c-e). The only exception is the inner part of the filled root mold, where 

the texture is matrix-supported (Appendix Fig A.1d) and the spar content decreases 

towards the outer part of the root mold (Appendix Fig A.1e). 

3.2. Carbonate clumped isotope (∆47) and stable isotope analyses 

Clumped isotope (∆47), oxygen (δ18Ocarbonate) and carbon (δ13Ccarbonate) isotope analyses of 

carbonates were performed at the Goethe University – BiK-F Stable Isotope Facility 

Frankfurt, Germany. For clumped isotope analysis, 9 mg to 27 mg of carbonate powder 

were digested in >106 % phosphoric acid at 90 ±0.1 °C for 30 minutes, using an 

automated acid bath. The produced CO2 was purified by passing through cryogenic traps 

(-80 °C) before and after passage through a Porapak Q-packed gas chromatography 

column to remove traces of hydrocarbons (c.f., Wacker et al., 2013, 2014). The cleaned 

CO2 was analyzed on a Thermo Finnigan MAT 253 gas source isotope ratio mass 

spectrometer, dedicated to the measurements of masses 44 to 49 in ten acquisitions 

(consisting of ten cycles with an ion integration time of 20 s per cycle). “Heated gases” 

(equilibrated at 1000 °C) were measured 3-5 times per week to monitor linearity of the 

mass spectrometer and source scrambling effects (Appendix Tab. A5.4). CO2 gases 

equilibrated at 25 °C (Appendix Tab. A5.4) and “heated gases” were used to determine 

the empirical transfer functions (ETF). ∆47 values are reported in the absolute reference 
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frame for interlaboratory comparison (Dennis et al., 2011). Since the deduced ∆47 values 

are not in the range of present calibration studies, we used the theoretical calibration of 

Guo et al. (2009) (for a more detailed description of the methodology and data reduction 

see Appendix text A5.1). 

For δ18Ocarbonate and δ13Ccarbonate analyses, 0.2 mg to 1.8 mg carbonate powder were 

digested with phosphoric acid (McCrea, 1950) at 72 °C in a sealed reaction vessel, 

flushed with helium gas. The evolved CO2 was sampled by a Finnigan Gas-Bench and 

isotope ratios were measured on a Finnigan MAT 253 mass spectrometer. All isotopic 

results are reported in standard delta notation and corrected to VSMOW (δ18O) or VPDB 

(δ13C) (see Appendix text A5.2 and Tab. A5.2, A5.3). 

The oxygen isotopic composition of water in equilibrium with the carbonate phase 

(δ18Owater) was calculated based on the ∆47 carbonate formation temperatures and the 

associated δ18Ocarbonate values. We used the equilibrium fractionation equation of O'Neil et 

al. (1969) (calibrated at temperatures from 0-500°C), modified by Friedman and O'Neil 

(1977). 

4. Results 

4.1. Clumped isotope temperatures (∆47) 

We made 22 analyses for carbonate clumped isotope paleothermometry: two samples 

from the Deadhorse Canyon, Cole’s Corner, Clark Canyon localities and five samples 

from the Malaga Road section. Each carbonate sample was analyzed 2 times and external 

standard errors for replicate measurements range from 0.002 ‰ to 0.022 ‰, which 

translates into temperature errors of ±1 °C to ±12 °C. ∆47 values range from 0.491 ‰ to 

0.568 ‰, translating into temperatures of 121 °C to 70 °C (for methods and uncertainties 

see Appendix text A5.1, Tabs. A5.5 and A5.6). High precision temperature measurements 

(e.g. for paleoclimate reconstructions) typically require a higher number of replicate 

measurements. However, given the required accuracy for the evaluation of basin burial 

temperatures our results have the necessary precision.  

The highest temperatures are found in the deepest part of the basin in concretions from 

phase 1 (Clark Canyon) with ∆47 temperatures of 121 °C ±11 °C and 94 °C ±6 °C. Phase 

3 deposits from the northern Chumstick basin yield ∆47 temperatures of 84 °C ±7 °C and 

78 °C ±2 °C (Deadhorse Canyon), and 82 °C ±8 °C and 112 °C ±3 °C (Cole’s Corner). 

∆47 temperatures of phase 3 in the southern part of the basin ranging from 70 °C ±8 °C to 

79 °C ±1 °C (Malaga Road locality) and thus are identical within error.  
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4.2. Oxygen and carbon stable isotope data 

152 carbonate samples from 11 different localities were analyzed and display δ18Ocarbonate 

values that are homogeneous throughout the basin, independent of depositional phase/age. 

Mean δ18Ocarbonate values are low and range from 9.6 ‰ to 13.6 ‰ (vs. VSMOW; Fig. 6; 

Appendox Tab. A5.2). Phase 1 concretions (Clark Canyon) have a mean δ18O value of 9.5 

±0.3 ‰ (n=13). Samples from phase 2 have mean δ18O values of 13.6 ±1.8 ‰ (Camas 

Creek; n=21) and 13.5 ±0.1 ‰ (Camasland; n=2) in the Tumwater Mountain member 

(western subbasin) and 10.6 ±0.4 ‰ (Nahahum Canyon; n=8) and 11.9 ±1.1 ‰ (Olalla 

Canyon; n=9) in the lacustrine sediments of the Nahahum Canyon member and 12.3 ±0.3 

‰ in the fluvial/deltaic part of the Nahahum Canyon member (Monitor section, n=14). 

Samples from sections comprising phase 3 (Deadhorse Canyon member) have mean 

values of 9.6 ±0.6 ‰ (Deadhorse Canyon; n=49), 11.2 ±0.5 ‰ (Cole’s Corner; n=9), and 

11.0 ±1.0 ‰ (Malaga Road; n=25). 

Mean δ13Ccarbonate values are variable throughout the basin and δ13Ccarbonate values within 

each section show a high variability (Fig. 6). At Clark Canyon the mean δ13Ccarbonate value 

is -9.9 ±2.4 ‰, occupying a large range of -17.6 ‰ to -7.0 ‰. The Tumwater Mountain 

member has mean δ13Ccarbonate values of -8.3 ±1.8 ‰ (Camas Creek) and -7.4 ±1.2 ‰ 

(Camasland). The lacustrine carbonates exhibit the highest and least variable δ13Ccarbonate 

values with means of 3.0 ±0.7 ‰ and -2.6 ±1.5 ‰ (Nahahum and Olalla Canyon, 

respectively). Concretions from the deltaic sediments of the Tumwater Mountain member 

(Monitor) have a mean δ13Ccarbonate value of -4.3 ±2.0 ‰. The Deadhorse Canyon member 

has the most variable δ13Ccarbonate values and the mean δ13Ccarbonate values of the Deadhorse 

Canyon, Cole’s Corner and Malaga Road sections are -4.2 ±7.5 ‰ (δ13Ccarbonate values 

range from -19.2 ‰ to 6.1 ‰), -6.2 ±6.3 ‰ (δ13Ccarbonate values range from -20.1 ‰ to 0.0 

‰), and -8.0 ±3.6 ‰ (δ13Ccarbonate values range from -15.1 ‰ to 0.4 ‰), respectively. 

Isotopic profiles through an individual concretion from Clark Canyon indicate a narrow 

range of δ18Ocarbonate (9.3 ‰ to 9.9 ‰, mean 9.7 ±0.1 ‰) and 13Ccarbonate (-8.3 ‰ to -13.0 

‰, mean 9.2 ±1.1 ‰) values (Appendix Tab. A5.3). Whereas there is no systematic 

pattern in δ18O values, δ13C values typically decrease towards the rim of the concretion. 

We also measured samples from the inner (grey) and outer (yellowish to reddish) parts of 

concretions from Deadhorse Canyon. Similar to the Clark Canyon concretions, these 

samples show only minor differences in δ18Ocarbonate (ranging from 0.02 ‰ to 0.44 ‰, 

with one exception of 1.42 ‰) between rim and core samples from the same concretion. 

Differences in δ13Ccarbonate values between rim and core samples of the same concretion 

are more variable, ranging from 0.14 ‰ to 2.3 ‰, with two exceptions of 8.10 ‰ and 9.0 

‰. 
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5. Discussion 

5.1. Temperature estimates 

All ∆47 temperatures from the Chumstick basin exhibit temperatures that clearly exceed 

Earth surface conditions but agree well with independent burial temperature constraints 

from vitrinite reflectance (VR) and thermochronological data. VR data from the 

Chumstick Fm. range from 0.3 % to 2.1 % reflectance, whereby values > 0.9% only occur 

near intrusives or represent pre-altered samples (Evans, 1988). These were excluded from 

further interpretation (Fig. 7). The remaining data were grouped according to depositional 

phase and geographic position (eastern vs. western subbasin of phase 2 deposits and 

northern and southern depositional centers of phase 3; see Appendix Tab. A5.7). We 

calculated burial temperatures from reported VR data (adapted from Evans (1988)) 

following Sweeney and Burnham (1990) (for a detailed description of this approach see 

Appendix text A5.3) and the results of the different approaches are summarized in Fig. 8 

(and Appendix Tab. A5.8). In general, ∆47 temperatures overlap within error with VR 

data especially if all VR samples of a particular subbasin are used for temperature 

estimation (Fig. 8).  

Similarly, our T(∆47) data are consistent with low-temperature thermochronology 

(Enkelmann et al., 2015). Thermal history modeling suggests burial temperatures of 100-

140°C for phase 1 and 60-80°C for the overlying phase 3 deposits (Enkelmann et al., 

2015). Discordance between zircon and apatite fission track ages indicates that the 

sediments were heated to temperatures between the annealing temperature of apatite 

(100-120°C) and zircon (230-250°C) (Gresens et al., 1981; Evans, 1994; Enkelmann et 

al., 2015). Zeolite minerals in the Chumstick sediments indicate maximum burial 

temperatures of 100 °C to 130 °C (Evans, 1994). The coherence among different 

temperature proxies suggests that ∆47 temperatures reflect conditions at or near maximum 

basin burial. 

Thermal perturbation of the Chumstick basin deposits requires (1) sediment burial and 

basin subsidence, (2) elevated heat flow and/or heat advected by intrusives, or (3) 

episodic heat input during emplacement of the overlying Miocene CRBG. Most likely, 

the thermal history reflects a combination of basin burial under rapid subsidence rates 

(Johnson, 1985; Evans, 1988, 1991b, 1994) accompanied by elevated heat flow due to 

synsedimentary intrusives within and surrounding the basin (Gresens et al., 1981; Evans, 

1988; Paterson et al., 2004). Syndepositional magmatism is present in the Chumstick 

sediments with the emplacement of the felsic Wenatchee dome into the ECFZ at 44-42 

Ma (Gresens et al., 1981; Gilmour, 2012), and an andesitic flow (50.9 ± 3.9 Ma; Ott et al., 

1986) and interbedded Teanaway basalt flows in the lower Chumstick strata (Tabor et al., 
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1982). Magmatic activity in the surrounding region resulted in the syndepositional 

emplacement of several plutonic complexes northeast of the Chumstick basin, such as the 

Duncan Hill, Cooper Mountain, or Railroad Creek plutons (e.g., Tabor et al., 1987; 

Paterson et al., 2004). The assumption that heating is mostly due to burial, however, is 

supported by detrital bedrock apatite fission track ages that increase from stratigraphically 

older (phase 1) to younger (phase 3) Chumstick sediments (Enkelmann et al., 2015). 

The distribution of ∆47 temperatures suggests that the Chumstick sediments were not 

thermally overprinted by the Columbia River flood basalts. The southernmost outcrop 

(Malaga Road; closest to the modern extent of the CRBG) yields the lowest ∆47 

temperatures and VR values. This indicates that the thermal input of the basalts was too 

low to reset clumped isotope systematic. In addition, low-T thermometry data show no 

resetting associated with basalt emplacement (Enkelmann et al., 2015). 

5.2. Carbonate formation, ∆47 temperatures, and the stable isotopic record 

Based on field observations, microstructural and geochemical analysis, the analyzed 

carbonate-cemented sandstone concretions represent diagenetic groundwater carbonates. 

Calcite-cemented concretions commonly occur in distinct layers in the medium to coarse-

grained immature sandstones of the Chumstick Fm., but also in basal channel deposits as 

reworked clasts (especially in settings with rapid sedimentation rates), indicating 

diagenetic formation early during the burial history (c.f., Evans, 1991a; Quade and Roe, 

1999). Shallow groundwater conditions are indicated by the proximity of concretions and 

pedogenic features such as root traces, as well as the occurrence of bowl-shaped 

concretions, indicative of a fluctuating water table and formation in or close to the 

capillary fringe zone. ∆47 temperatures, low δ18Ocarbonate values, and highly variable 

δ
13Ccarbonate values suggest phreatic formation conditions, where the stable isotopic record 

mainly depends on the prevailing isotopic composition and ambient temperature of 

groundwater (c.f., Zheng and Hoefs, 1993; Dale et al., 2014; Singh et al., 2014). The 

strongly 18O-depleted, homogeneous (within a sampled section) δ18Ocarbonate values 

support phreatic formation conditions, since groundwater carbonate concretions regularly 

exhibit decreased δ18Ocarbonate values due to elevated temperatures (e.g., Banner and 

Hanson, 1990; Zheng and Hoefs, 1993; Quade and Roe, 1999; Mack et al., 2000; Bera et 

al., 2010). The large variability in δ13Ccarbonate values indicates that groundwater carbon 

species were dominated by local conditions with elevated δ13Ccarbonate values where 

organic decomposition or root activity was absent (Singh et al., 2014). The observation 

that the genetically different samples at Malaga Road (concretions, calcified horizons and 

root/burrow fills; ∆47 samples in Fig. 5) exhibit (within error) identical T(∆47) and similar 

δ
18Ocarbonate values further supports the observation that the isotope geochemistry of 
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carbonate cements at one locality is controlled by local conditions for samples sharing the 

same diagenetic history.  

It is important to distinguish, whether T(∆47) values represent primary formation 

temperatures or result from solid-state reordering of C-O bonds during sediment burial 

(e.g., Dennis and Schrag, 2010; Passey and Henkes, 2012; Henkes et al., 2014). Solid-

state reordering within the calcite crystal lattice most likely preserves ∆47 temperatures on 

the retrograde cooling path and is, however, unlikely to affect the bulk isotopic 

composition (δ18Ocarbonate and δ13Ccarbonate remain pristine) (e.g., Passey and Henkes, 2012; 

Henkes et al., 2014). In contrast, neo- or recrystallization of calcite will alter both, T(∆47) 

and the bulk isotopic composition assuming open-system conditions with high water-rock 

ratios (c.f., Dennis and Schrag, 2010).  

Based on the following observations resetting of T(∆47) due to solid-state reordering or 

alterations under low water/rock ratios leaving δ18Ocarbonate values unaffected is not 

supported by our data: Ambient temperatures (~ 70°-140°C based on VR) and heating 

durations (107 yrs) are likely too low and too short to enable solid-state reordering 

(Dennis and Schrag, 2010; Passey and Henkes, 2012). Even though calcites have different 

susceptibilities to reordering (Passey and Henkes, 2012), T(∆47) values of the Chumstick 

samples seem unlikely to be the product of reordering during retrograde cooling due to 

the following: First, ∆47 and VR-based temperatures are indistinguishable from each other 

within errors of the different approaches. Second, T(∆47) from different localities (e.g. 

Malaga Road and Clark Canyon) are statistically different even though they share the 

same cooling history since the mid to late Oligocene (Enkelmann et al., 2015). 

Furthermore, samples from Clark Canyon record high ∆47 temperatures (~110°C) even 

though they remained at intermediate temperatures (~ 80°C) for about 20 Ma after peak 

burial without obvious resetting to lower temperatures (Fig. 9a) (Enkelmann et al., 2015). 

Whereas we cannot ultimately exclude partial resetting of these samples by later solid-

state reordering, the similarity of ∆47 and VR-based temperatures precludes solid-state 

reordering as the major control on ∆47 temperatures. Further, calculated δ18Owater values 

mainly deviate from ‘closed-system pathways’ defined by solutions to the calcite-water 

δ
18O thermometry equations (O'Neil et al. (1969) modified by Friedman and O'Neil 

(1977)) for constant calcite δ18O (see Appendix Fig. A5.2; c.f., Henkes et al., 2014). If 

solid-state reordering or low water/rock alteration was the major process controlling 

T(∆47) and assuming no accompanying changes in the bulk oxygen isotopic composition 

of the carbonate, samples should fall on lines of constant δ18Ocarbonate (i.e., ∆47 

temperatures being reset while δ18Ocarbonate remain preserved). This indicates that solid-

state reordering or low water/rock ratio recrystallization only played a minor role in (re-

)setting ∆47 temperatures. Samples from Cole’s Corner and Clark Canyon localities fall 
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only within their errors on constant δ18Ocarbonate lines of 11 ‰ (Cole’s Corner) and 10 ‰ 

(Clark Canyon), respectively. Thus, the two samples, which yield the highest 

temperatures, might have partly achieved their T(∆47) by some reordering or low water-

rock interactions. However, the bulk of samples cluster in the range of T(∆47) = 70°C to 

95°C and δ18Owater = -8 ‰ to -10 ‰ and thus yield reasonable values for oxygen isotope 

groundwater conditions. Finally, assuming the case of pristine δ18Ocarbonate and reset 

T(∆47) by solid-state reordering of C-O bonds, the low δ18Ocarbonate values (9 ‰ to 12 ‰) 

(in soil (e.g., Malaga Road) or sub-soil/groundwater environments), would yield δ18Owater 

values from ~ -17 ‰ to -21 ‰ (assuming Eocene surface temperatures of ~14 °C (Evans, 

1988, 1991a) and fractionation coefficients of Kim and O'Neil (1997)). Such low δ18Owater 

values, however, would require very high altitudes for precipitation and groundwater 

recharge or cold climate conditions, both of which contradict paleogeographic, 

paleobotanical and climatic data of the near-coastal Eocene Pacific Northwest.  

In summary, we are confident that the wide range of observations is consistent with early 

diagenetic near-surface formation of carbonates during high groundwater through-put in 

the Chumstick basin. Therefore, we suggest that T(∆47) and δ18Ocarbonate values reflect 

conditions of carbonate formation during the earliest stages of basin burial.  

5.3. Timing of carbonate formation/diagenesis  

Modeling the Chumstick basin thermal history based on low-T thermochronology 

confirms that rapid subsidence and heating shortly after sediment deposition characterized 

the burial path in the individual subbasins (Enkelmann et al., 2015). Generally, this rapid 

burial was followed by a protracted phase of constant temperatures and rapid subsequent 

cooling and exhumation since about 17 to 14 Ma (Figs. 10 and 11) (Enkelmann et al., 

2015). Based on our conclusions that the carbonate cements formed during early 

diagenesis in the presence of groundwater and that T(∆47) reflect temperatures of 

carbonate formation during or close to maximum burial, we can evaluate the most 

probable timing of establishment of the clumped isotope systematics from the modeled 

basin burial paths (Fig. 9):  

Thermochronology data from phase 1 deposits (Clark Canyon) indicate rapid heating to 

maximum temperatures (48-32 Ma) and a first Eocene to Oligocene cooling phase (T < 

90-100°C prior to 31-26 Ma) (Fig. 10a) (Enkelmann et al., 2015). At least partly, this first 

cooling phase is induced by exhumation as suggested by field observations of deformed 

and eroded Chumstick sediments prior to deposition of the Deadhorse Canyon member 

(Evans, 1988; Enkelmann et al., 2015). Thus, for Clark Canyon samples, we suggest that 

maximum burial temperatures were achieved before ~40 Ma (onset of deposition of the 

Deadhorse Canyon member) and that T(∆47) was attained between 47 to 40 Ma (dark grey 
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bars in Fig. 9a and error bar in Fig. 10). The most conservative estimate would be 51 Ma 

(onset of deposition) and 26 Ma (minimum AHe ages, indicating that rocks cooled below 

90-100°C) (indicated by the light grey bars in Fig. 9a and error bar in Fig. 10).  

Modeling of the thermal history of one sample from the northern depositional center of 

phase 3 indicates rapid subsidence after deposition (at ~40 Ma) and constant temperatures 

until the onset of cooling at ~17 Ma (Fig. 9b) (Enkelmann et al., 2015). Thus, the most 

conservative estimate for the time interval with temperatures that reflect maximum burial 

is 40-17 Ma. However, similar to Clark Canyon, phase 3 samples indicate that clumped 

isotope thermometry records maximum burial temperatures and was unaffected by the 

protracted phase of constant temperatures during the Oligocene to Miocene (~30 to 12 

Ma at T > 80°C) (Fig. 9a). For this reason and the observation that T(∆47) is close to the 

maximum burial temperature (c.f., Fig. 8), we tentatively suggest that the clumped 

isotope systematics were set early during burial (~40 Ma to 31-26 Ma (recorded cooling 

phase in the Chumstick basin); Fig. 9b and Fig. 10).  

Samples from Malaga Road (southern depositional center of phase 3) reflect maximum 

burial temperatures (average T(∆47)= 75 ± 15°C), in good agreement with 

thermochronologic ~ 60-80 °C (Enkelmann et al., 2015) and VR data (~ 72 °C) (Fig. 8 

and Appendix Tab. A5.8). We consider it most likely that T(∆47) reflects early diagenetic 

conditions at ~ 40 Ma (onset of deposition) to 31-26 Ma (recorded cooling phase in the 

Chumstick basin). In this case, however, we cannot exclude carbonate formation during 

later stages of burial as these samples remained at temperatures of ~75°C for probably 

more than 30 Ma before the onset of cooling at ~12 Ma (Fig. 9c and Fig. 10; apatite He 

age of 11.8 ±4.2 Ma; Enkelmann et al., 2015).  

5.4. Fluid composition and implications for Cascade topography 

Calculated oxygen isotope fluid compositions (δ18Owater) from all sections that contain ∆47 

data range from -11.3 ‰ to -5.6 ‰ (with one outlier of -3.0 ‰) with the δ18Owater values 

of the ∆47 samples ranging from -10.2 ‰ to -5.2 ‰ (Fig. 10; Appendix Tab. A5.9). Age 

estimates are based on the low-T thermochronology data and the assumption that oxygen 

isotopic compositions were achieved during carbonate growth at or near maximum burial 

(see section 5.3.). Chumstick Basin δ18Owater values fall in the range of meteoric and 

hydrothermally altered meteoric fluids (e.g, Sheppard, 1986) and we suggest that the 

δ
18Owater values reflect a time-integrated meteoric groundwater signal.  

When compared to Miocene and younger δ18Owater data from the western Columbia 

Plateau, derived from authigenic smectite (Takeuchi and Larson, 2005) and paleosol 

carbonate (Takeuchi et al., 2010) the reconstructed Eocene-Oligocene δ18Owater values are 

consistently more positive and do not overlap the Miocene/Pliocene δ18Owater values (Fig. 
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10) (c.f., Takeuchi and Larson, 2005; Takeuchi et al., 2010). δ18Owater values average -6.9 

±0.5 ‰ (Mid-Eocene; Clark Canyon) and -9.3 ±1.3 ‰ (late Eocene/early Oligocene, 

Malaga Road, Deadhorse Canyon, Cole’s Corner) and contrast mean δ18Owater values of -

13.4 ±0.9 ‰ (middle Miocene), -14.7 ±1.0 ‰ (late Miocene) and -15.8 ±1.0 ‰ (Plio-

/Pleistocene; data from Takeuchi and Larson (2005) and Takeuchi et al. (2010)).  

The reconstructed δ18Owater values from the Chumstick basin yield no indication for the 

presence of an Eocene/Oligocene rain shadow that characterizes the Chumstick Basin 

today. The most straightforward explanation is thus that no major mountain tops blocked 

Pacific-derived air masses during the Eocene/Oligocene, a result in good agreement with 

paleoclimatic reconstructions based on the paleofloral record (Evans, 1988, 1991a) and 

sedimentological data that indicate continuous drainage systems towards the Pacific 

ocean (e.g., Tabor et al., 1984). Absence of 18O-depleted δ18Owater values is also well in 

line with previous (stable isotope) paleoaltimetry studies suggesting Miocene/Pliocene 

uplift of the modern Washington Cascades (e.g., Reiners et al., 2002; Takeuchi and 

Larson, 2005; Mustoe and Leopold, 2014). This result does not necessarily contradict the 

presence of high-relief Northern Cascade topography (approximately north of 

Snoqualmie Pass) prior to Miocene uplift (Mitchell and Montgomery, 2006). Since the 

Chumstick basin is located at the southern termination of the Northern Cascades, air mass 

trajectories may have been diverted around a topographic barrier farther north such that 

the dominant fraction of annual precipitation did not cross high topography, similar to the 

southern termination of the Sierra Nevada (Mulch et al., 2008; Lechler and Galewsky, 

2013; Mulch, in rev.). Therefore, our reconstructed δ18Owater values of ~ -9 ‰ to -7 ‰ are 

best explained to reflect δ18O values of middle to late Eocene, maybe Oligocene, surface-

derived groundwaters, which lack a strong rainout signal. This implies a proximity to the 

moisture source and the absence of a Cascade rain-shadow. 

6. Conclusion 

We present stable isotope and clumped isotope data from carbonate concretions from the 

Chumstick basin and assess δ18Owater values of groundwater from which these concretions 

formed. Clumped isotope temperatures are in good agreement with modeled vitrinite 

reflectance and low-T thermochronology data and indicate preservation of maximum 

burial temperatures. Combination of these proxies determines the basin burial and 

exhumation history and places the timing of carbonate cement formation to the 

Eocene/Oligocene. Calculated mean δ18Owater values of ~ -9 ‰ to -7 ‰ (based on T(∆47) 

and δ18Ocarbonate data) reflect a time- and area-integrated groundwater fluid signal derived 

from local recharge and are consistent with low-elevation precipitation supplying the 

Chumstick basin groundwater system. We evaluate our results in light of the 
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paleogeographic setting of the Chumstick basin and conclude that the δ18Owater values 

most likely reflect near-coastal rainfall and thus preclude an Eocene/Oligocene rain 

shadow of the ancient Washington Cascades. The absence of a rain shadow effect 

therefore indicates only moderate elevation of at least the southern part the Washington 

proto-Cascades. 
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Fig. 1. (a) Simplified map of the Pacific Northwest showing the Cascade Arc and the 

location of the Chumstick basin. (b) Simplified geological map of the Chumstick basin 

(after Evans (1994)), including sampling localities. (c) Stratigraphy of the Chumstick 

basin, indicating the different depositional phases (Evans, 1988, 1991b, 1994).  
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Fig. 2. Depositional phases of the Chumstick basin (after Evans, 1991b, 1994). Phase 1 (~ 

51-42 Ma; Clark Canyon member; grey shading) took place in the western subbasin 

(bound to the east by the Eagle Creek fault zone) with sedimentary material sourced to 

the east (Tabor et al., 1984; Evans, 1994). Phase 2 (~42-40 Ma; yellow) was restricted to 

the lacustrine-deltaic system in the eastern subbasin (Nahahum Canyon member) and to 

the vicinity of the Leavenworth fault zone in the western subbasin with western sediment 

provenance (Tumwater Mountain member). Phase 3 (~40-37 Ma; Deadhorse Canyon 

member; red) had two deposition centers: the northern subbasin with southeast directed 

paleocurrent flow and a southern counterpart with paleocurrents to the northeast (Evans, 

1988). 
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Fig. 3. Field photographs showing carbonate concretions in the studied Chumstick 

sections. (a) Bedding-parallel carbonate-cemented sandstone concretions with reddish 

weathering rims (phase 1; Clark Canyon), (b) carbonate-cemented sandstone concretions 

in steeply dipping phase 2 sediments (Camas Creek), (c) steeply dipping lacustrine-deltaic 

sediments (phase 2; Olalla Canyon), (d) bedding-parallel carbonate concretions almost 

coalesced to continuous horizons (phase 3; Cole’s Corner), (e) carbonate-cemented 

sandstone concretion with reddish weathering rim (phase 1; Clark Canyon), (f) ellipsoidal 

concretion (phase 3; Malaga Road), (g) concretion in coarse-grained sandstone (phase 3; 

Malaga Road), (h) root mold filled with carbonate-cemented sand (phase 3; Malaga 

Road). 



 

 

137 Figures 

 

 

 

 

Fig. 4. Hand specimen and thin section photographs of carbonate concretions. (a) 

Carbonate-cemented sandstone concretions with internal bedding (11-KM-224; 

Deadhorse Canyon), (b) thin section photograph of 11-KM-035, showing angular quartz 

and feldspar grains, deformed biotite grains and pseudosparitic (15-30 µm) to sparitic 

(>30µm) calcite cement, (c) thin section photograph of a carbonate-cemented sandstone 

concretion at Malaga Road (11-KM-059).  



 

138 Chapter 5. Eo-Oligocene proto-Cascades topography 

 

 

 

 

Fig. 5. Malaga Road section with δ18Ocarbonate values (in ‰ against VSMOW) and ∆47 

temperatures (in °C). Stratigraphy adapted from Evans (1988). 
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Fig. 6. δ
18Ocarbonate values (‰, VSMOW) and δ13Ccarbonate values (‰, VPDB). Single 

measurements (grey diamonds), mean values (open circles), and median values 

(blue/closed circles) for each sampling locality.  
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Fig. 7. Map of Chumstick basin showing the ∆47 temperatures and the vitrinite reflectance 

(VR) data after Evans (1994).  
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Fig. 8. Comparison of temperature estimates based on clumped isotope thermometry 

(closed symbols) and VR (open symbols) vs. depositional age. Temperatures based on 

VR after Sweeney and Burnham (1990).  
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Fig. 9. Modeling of the thermal history of the Chumstick basin (adapted from Enkelmann 

et al., 2015) together with ∆47 temperatures and VR-based temperature estimates. Bars on 

top indicate inferred timing of the maximum burial and timing of ∆47 temperatures. DC – 

Deadhorse Canyon, CC – Cole’s Corner, ∆47 T - ∆47 temperatures, VR T – vitrinite 

reflectance-based temperature estimate using the model of Sweeney and Burnham (1990). 
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Fig. 10. Compilation of δ18Owater data of surface waters from central Washington. 

Calculated δ18Owater values versus age are based on T(∆47) and δ18Ocarbonate values of 

individual samples (colored symbols) and of mean T(∆47) and δ18O values from each 

section (grey symbols) with additional information of the timing of inferred Cascade 

uplift (black bars) after (1) Smiley (1963), (2) Reiners et al. (2002), and (3) Takeuchi and 

Larson (2005). δ18Owater data from the western Columbia Plateau are adapted from 

Takeuchi and Larson (2005) and Takeuchi et al. (2010). δ18Ocarbonate data from the 

Hanford site and the Yakima basin are from Takeuchi et al. (2010) and translated into 

δ
18Owater using the fractionation equation of Kim and O'Neil (1997) and temperature 

estimates as given in Takeuchi and Larson (2005). 
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Chapter 6 

Stable isotope (δ
18

O, δ
13

C) and geochronology data of Paleogene 

basins in western North America (Washington and Montana, USA)  

 

 

 

Abstract 

This chapter documents the geological and geographical settings, field relationships, 

sample descriptions and isotopic data of terrestrial Eocene/Oligocene basin records in the 

western United States, which have been sampled during the field seasons 2011 and 2012. 

These basins are (1) the Sage Creek and Muddy Creek basins in southwestern Montana, 

(2) the Kishenehn Basin in northwestern Montana, (3) the Swauk and Chumstick basins 

in central Washington, and (4) the Chuckanut Basin in northwestern Washington (Fig. 1; 

Tab. 1). All additional carbonate oxygen (δ18Ocarbonate) and carbon (δ13Ccarbonate), as well as 
40Ar/39Ar geochronology data can be found in the Appendix of this thesis (Tab. A6.1-

A6.10).  
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1. Introduction  

1.1. Terrestrial basins in western Montana 

Beginning in the early Eocene, the North American continental interior underwent 

extension at various levels of the crust with accompanying magmatism, formation of 

metamorphic core complexes, and basin formation (e.g., Chadwick, 1985; Fields et al., 

1985; Wernicke et al., 1987; Constenius, 1996; Sonder and Jones, 1999; Dickinson, 2002, 

2004; DeCelles, 2004; Teyssier et al., 2005). Most basins in western Montana (and east-

central Idaho) are thought to result from extensional (gravitational) collapse in the 

hinterland of the Sevier fold-and-thrust belt during the Paleogene (e.g., Fields et al., 1985; 

Constenius, 1996; Rasmussen, 2003) and likely evolved as intermontane half-grabens in a 

north-south tending rift system (Janecke, 1994, 2007; Janecke et al., 2000; Sears and 

Ryan, 2003). Basin filling sediments are continental clastics and volcanics, which 

unconformably rest on pre-basin basement rocks. Stratigraphic subdivision of strata in 

western Montana results in (1) Paleocene pre-Renova fanglomerates and volcanics, (2) 

fine-grained, ash-rich fluvial and lacustrine deposits of the Eocene to Miocene Renova 

Formation and equivalents, (3) coarse-grained, ash-rich clastic of the Miocene Sixmile 

Creek Formation and equivalents, and (4) Quarternary deposits (e.g., Fields et al., 1985). 

The Renova Formation is typically described as a fine-grained facies, which had been 

deposited in broad shallow valleys across southwestern Montana from mid-Eocene to 

mid-Miocene time (Fields et al., 1985), but there is increasing evidence for coarse-

grained lithofacies present in the formation, which suggests early presence of (at least) 

local relief (≥2 km) (Schwartz and Schwartz, 2013). 

There is still debate about the location of the eastern edge of Paleogene extension and 

basin development in SW Montana (e.g., Constenius, 1996; Janecke et al., 1999), which 

especially affects the classification of the Sage Creek Basin. This basin has been included 

to the extensional intermontane basin of western Montana by Constenius (1996). 

However, since the basin lies to the east of the Muddy Creek-Grashopper thrust (Fig. 2A), 

which marks the eastern edge of rift zone according to Janecke (1994) and Janecke et al. 

(1999), and it has been interpreted as an flexural basin (Janecke et al., 1999) or as part of 

the “Renova braidplain” on the uplifted eastern rift shoulder (Sears and Ryan, 2003). A 

fundamentally differing view of basin evolution in southwestern Montana is provided by 

Fritz et al. (2007), who argued that the similarity of Paleogene strata throughout western 

Montana calls for a continuous depositional system of the Dillon-Renova Basin, which 

has been flanked by volcanic highlands (Challis volcanic field in the west, Absaroka 

volcanic filed in the east and the Lowland Creek volcanic field in the north).  
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We collected pedogenic carbonates from the Eo-/Oligocene Cook Ranch member and the 

early to middle Eocene Sage Creek Formation (Sage Creek Basin; Fig. 2B), enlarge the 

stable isotope data sets of the Sage Creek Basin (c.f., Chapter 2; Kent-Corson et al., 2006, 

2010). Together with data from the adjacent Muddy Creek Basin (SW Montana) and the 

Kishenehn Basin in the northwest of Montana, I add new stable isotope data to the 

existing compilations of isotopic data in the North American continental interior (e.g., 

Chamberlain et al., 2012). Fieldwork in Montana was assisted by Prof. C. P. 

Chamberlain, Prof. S. A. Graham, J. Caves, M. Winnick, T. Schwartz (all Stanford 

University, USA) and Prof. A. Mulch and T. Lüdecke (BiK-F, Germany). 

1.2. Terrestrial basins in the Pacific Northwest 

In the Pacific Northwest dextral strike-slip and thrust faulting started at about ~85 Ma, 

due to the changes in the plate boundary dynamics from arc-normal contraction to a 

regime dominated by transpression (resulting from northward oblique convergence of the 

Kula plate) (e.g., Johnson, 1985; Umhoefer and Miller, 1996; Paterson et al., 2004). 

Dextral strike-slip and thrust faulting was active until the end of the Paleocene and 

accounted for a total offset of about 215 km to 255 km (Umhoefer and Miller, 1996). 

After this transpressive phase, Eocene deformation was dominated by dextral faulting and 

extension (e.g., Miller and Bowring, 1990; Umhoefer and Miller, 1996), leading to basin 

development in the Pacific Northwest during transtensional deformantion along the 

Pacific coast (Johnson, 1985; Heller et al., 1987). In general, Paleogene basins contain 

syntectonically deposited sediments mainly derived from proximal sources. Deposition 

was rapid and largely tectonically controlled resulting in large sedimentary thicknesses 

(Gresens et al., 1981; Johnson, 1985; Evans, 1994).  

We collected pedogenic carbonates and carbonate-cemented concretions from terrestrial 

sedimentary sequences of the Paleogene Chuckanut, Swauk and Chumstick basins in NW 

and central Washington. Isotopic records from the Chumstick Basin comprise data from 

the Eocene Chumstick Formation (Chapter 5) and the overlying Oligocene Wenatchee 

Formation (this chapter). Fieldwork in Washington was assisted by Prof. C. P. 

Chamberlain, J. Caves, M. Winnick, W. Torres (all Stanford University, USA), Prof. A. 

Mulch (BiK-F, Germany), and Prof. P. Umhoefer (Northern Arizona University, USA). 

1.3. Technical notes 

All oxygen and carbon isotope analyses presented in this chapter were performed at the 

Goethe University – BiK-F Stable Isotope Facility at the Institute of Geosciences, Goethe 

Universität Frankfurt, Germany. All isotopic results are reported in standard delta 

notation and corrected to VSMOW (δ18O) or VPDB (δ13C). Carbonate contents (in %) 
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were calculated by relating the signal size of the sample analysis and the averaged signal 

size of the daily standards (Carrara marble, n=12) and assuming 100 % CaCO3 for the 

Carrara marble. 40Ar/39Ar geochronology data was collected by Michael A. Cosca, USGS, 

Denver, Colorado, USA. 

2. Sage Creek Basin 

Sedimentation in the Sage Creek Basin probably started in the early to middle Eocene and 

lasted until the mid-Miocene, thus making the Sage Creek Basin one of the temporally 

most extensive basins in western Montana, which in addition yielded a vast amount of 

vertebrate fossils spanning the Bridgerian to Barstovian NALMAs (North American Land 

Mammal Ages) (Tabrum et al., 1996). However, sedimentation was highly episodical, 

and locally very rapid with thick sequences spanning less than 1 Ma (Tabrum et al., 

1996). Major unconformaties exist between the deposits and exposures are discontinuous 

and the area has been extensively faulted during the Neogene (Fritz et al., 2007). Basin 

filling sediments (in ascending order) are grouped into (1) the lower unit of the Sage 

Creek Formation, (2) the upper unit of the Sage Creek Formation, (3) the Dell Beds 

(formational(?) stage), and (4) the overlying Cook Ranch member (e.g., Schwartz and 

Schwartz, 2013). The stratigraphic classification of the strata, however, is controversial: 

Fields et al. (1985) and Tabrum et al. (1996) assign a formational stage for the deposits of 

the Sage Creek Basin, Lonn et al. (2000) and Rothfuss et al. (2012) prefer a member stage 

and include the strata into the Renova Formation, and Schwartz and Schwartz (2013) 

include the Cook Ranch member into the Renova Formation but leave the Sage Creek and 

Dell as autarkic formations pre-dating the Renova Formation.  

Age constraints of the Sage Creek deposits are based on biostratigraphic, paleomagnetic 

and radiometric dating (Fields et al., 1985; M'Gonigle and Dalrymple, 1996; Tabrum et 

al., 1996; Kent-Corson et al., 2006). Based on vertebrate fossil assemblages, Paleogene 

sediments exposed in the Sage Creek Basin are divided into the late Bridgerian Sage 

Creek Formation (50.3-46.3 Ma), the Uintan Dell Beds (46.3-40 Ma), and the 

Chadronian-Orellan Cook Ranch member (37-32 Ma) (see compilations of Fields et al. 

(1985) and Tabrum et al. (1996); ages in parenthesis indicate age limits of NALMA after 

Woodburne (2004); modified for the Bridgerian after Smith et al. (2008)). Even though 

southwestern Montana local faunas reflect high levels of provincialism/endemism, in 

general making a correlation with other mammal assemblages from the North American 

continent difficult (Tabrum et al., 1996), these age zones were well confirmed by 

paleomagnetic analyses (Tabrum et al., 1996), a sanidine 40Ar/39Ar age of a tuff bed 

(M'Gonigle and Dalrymple, 1996), a trachyandesite K/Ar age (Fritz et al., 2007), zircon 

U/Pb ages of ash layers (Kent-Corson et al., 2006), U/Pb detrital zircon ages (Rothfuss et 
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al., 2012), and U/Pb dating of carbonates (Chapter 2). The subdivision of the Sage Creek 

Formation into an upper and lower unit is based on the occurrence of early as well as 

middle/late Bridgerian fossils and has been adapted from Kent-Corson et al. (2006), since 

we revisited some of her sampling localities. The biostratigraphic record of the two 

sedimentary units pose the lower Sage Creek unit into the Bridgerian zone Br1 (49.9-49.0 

Ma; Woodburne, 2004) and the upper Sage Creek unit into the Middle to Late Bridgerian 

(Br2: 49.0-46.9 Ma to Br3: 46.9-46.3 Ma; Woodburne, 2004). Tuff beds emplaced in the 

upper (?) Sage Creek Fm. are dated to ~45.5 Ma (40Ar/39Ar age of 45.55 ±0.14 Ma 

(M'Gonigle and Dalrymple, 1996) and K/Ar age of 45.5 ±0.8 Ma (Fritz et al., 2007)).  

In two field seasons (2011/2012), we collected pedogenic carbonate nodules and micritic 

carbonate samples, including caliches, carbonate cemented burrow fillings and root casts 

from all 4 sedimentary units. In addition, we collected ashes from the upper Sage Creek, 

the lower Sage Creek, and the Cook Ranch sampling locality for 40Ar/39Ar 

geochronology. The detailed studies of the Dell Beds are reported in Chapter 2 of this 

thesis. The isotopic and radiometric data, collected from the lower and upper units of the 

Sage Creek Fm. and the Cook Ranch member are reported below.  

2.1. 
40

Ar/
39

Ar Geochronology 

We collected three reworked tuffaceous ash layers from the upper and lower units of the 

Sage Creek Formation and the Cook Ranch member and separated biotites for 40Ar/39Ar 

dating. Each sample contained two or three different kinds of biotite, a fact that is as well 

visible in the 40Ar/39Ar spectra (Fig. 3; Appendix Tab. A6.1 and Fig. A6.1). For instance, 

three separates of sample 11KM-090 (from the upper unit of the Sage Creek Fm.) have 

been analyzed and yielded three different age spectra (Fig. 3A-C). Each spectrum shows a 

different amount of mixing of biotite populations, however, two of the three separates 

represent a larger component of one particular biotite group. These spectra are considered 

to represent “endmember” ages: separate 11KM-090.2 (Fig 3A) has an integrated age of 

49.6 ±0.8 Ma (over 82 % of released 39Ar) and separate 11KM-090.3 (Fig 3B) has an 

integrated age of 56.2 ±3.1 Ma (over 98 % of released 39Ar). Separate 11KM-090.1 has 

an age spectra that is consistent with a mixture of a 49-Ma-old population and a 56-Ma-

old population (Fig 3C). A reworked tuffaceous bed form the Cook Ranch section 

(sample 11KM-148, located at the base of the sampled section) yields age spectra with 

similar Paleocene ages. Separate 11KM-148B.1 has an age of 57.9 ±1.3 Ma over 67% of 

released 39Ar (and an integrated age of 58.9 Ma) and separate 11KM-148.2 has an age of 

63.5 ±1.1 Ma over 73% of released 39Ar (and an integrated age of 59.3 Ma) (Appendix 

Fig. A6.1E, F). The third separate of this sample, however, has an age spectra that 

displays only one biotite population and yields an age of 43.1 ±0.8 Ma (Fig. 3D), which is 
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the youngest biotite population in the Cook Ranch sample and gives an upper age 

constraint for the Cook Ranch section. Biotite separates of the lower unit of the Sage 

Creek Fm. (sample 11KM-080) are from a reworked tuffaceous bed. Similar to samples 

11KM-090 and 11KM-148, two age spectra indicate Paleocene age component with ages 

of 61.9 ±0.7 Ma (over 78% of released 39Ar) and 65.0 Ma (integrated age). Two other 

separates yield Cretaceous ages of 107 ±3 Ma (over 68% of released 39Ar) and 99.1 ±1.8 

Ma (over 65% of released 39Ar) (Appendix Fig. A6.1A-D). 

2.2. Stable isotope data of the Sage Creek Formation 

The lower unit of the Sage Creek Fm. mainly consists of medium to coarse-grained 

volcanoclastic sandstone with abundant pumice material. Sediment deposition indicates 

fluvial channel and low-energy channel-overbank depositional environments with 

abundant paleosol formation (Kent-Corson et al., 2010; Rothfuss et al., 2012). 

Paleocurrent data from fluvial sandsones varies from NE to SW (Rothfuss et al., 2012). 

Similar sediments are found in the upper unit of the Sage Creek Fm., but with less 

common pumice material (Kent-Corson et al., 2010). Previous sedimentologic and stable 

isotopic studies of the Sage Creek Basin suggest a rearrangement of regional drainage 

patterns due to surface uplift around 49 Ma ago as revealed by the large drop in δ18O 

values (4-10 ‰) in the Eocene Sage Creek Fm. (Kent-Corson et al., 2006, 2010).  

We collected pedogenic carbonate nodules from the upper and lower portions of the Sage 

Creek Fm. at the same localities as Kent-Corson et al. (2006). The δ18Ocarbonate and 

δ
13Ccarbonate values of five samples from the lower unit of the Sage Creek Fm. range from 

14.0 to 16.0 ‰ (mean δ18Ocarbonate = 14.7 ±0.7 ‰) and -3.9 to -2.9 ‰ (mean δ13Ccarbonate = 

-3.2 ±0.3 ‰), respectively (Fig. 4; Appendix Tab. A6.2). The isotopic values of the upper 

unit of the Sage Creek Fm. range from 12.1 to 13.3 ‰ in δ18Ocarbonate (mean δ18Ocarbonate = 

12.7 ±0.4 ‰) and -1.0 to 0.4 ‰ in δ13Ccarbonate (mean δ13Ccarbonate = -0.3 ±0.4 ‰). The 

carbonate contents of the pedogenic nodules from the lower unit is generally higher 

(mean %CaCO3 = 46 ±10 %) than from the upper unit of the Sage Creek Formation 

(mean %CaCO3 = 25 ±7 %). The oxygen isotope data confirm the shift from higher to 

lower δ18Ocarbonate values between the lower and upper unit of the Sage Creek Fm. found 

by Kent-Corson et al. (2006, 2010) (Fig. 4). However, the magnitude of this shift is 2.1 

±0.8 ‰ and thus significantly less than the reported values of ~7 to 10 ‰ in micritic 

carbonate and ~4 to 5 ‰ in pedogenic carbonate nodules (Kent-Corson et al., 2010). 

Nevertheless, the mean δ18Ocarbonate values between our samples and those from Kent-

Corson et al. (2010) are similar within errors in the upper (12.7 ±0.4 ‰ vs. 12.1 ±0.4 ‰) 

and lower units of the Sage Creek Fm. (14.7 ±0.7 ‰ vs. 16.9 ±1.7 ‰). A positive shift of 

2.9 ±0.5 ‰ in carbon isotope values, similar in magnitude to the one reported by Kent-
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Corson et al. (2010) (~2.8 ±1.2 ‰), occurs, while the carbonate content 

contemporaneously decreased by ~21 ±12 % between the two units (Fig. 4). 

2.3. Remarks to the isotopic record of the Sage Creek Formation 

Evaporitic enrichment, diagenetic alterations or sole temperature shifts were excluded for 

Sage Creek records (Kent-Corson et al., 2006, 2010) and thus, the isotopic shift seen in 

the pedogenic carbonates most likely represents a change in the isotopic composition of 

the soil/meteoric water (Kent-Corson et al., 2006, 2010). Together with contemporaneous 

changes in δ18O of river waters, feeding foreland basins (Green River Basin, Wyoming; 

Carroll et al., 2008; Doebbert et al., 2010), it has been suggested that large-scale drainage 

reorganization occurred and basin records reflect the capture of high elevation, low-δ18O 

precipitation (Carroll et al., 2008; Doebbert et al., 2010; Kent-Corson et al., 2010). The 

simultaneous increase in mean δ13Ccarbonate has been interpreted as a sole decrease of soil 

respiration rates without changes in atmospheric pCO2 (Kent-Corson et al., 2010). Our 

data set roughly confirm the isotopic shifts reported by (Kent-Corson et al., 2006, 2010).  

2.4. Stable isotope data of the Cook Ranch member 

The Cook Ranch member is exposed in a narrow N-S-striking belt (~10 km long) and late 

Cenozoic faulting truncated and displaced much of the strata. These consist largely of 

tuffaceous mudstones with abundant calcareous nodular horizons (Tabrum et al., 1996). 

The Cook Ranch member is subdivided into the Upper, Middle and Lower Cook Ranch 

units. Based on biostratigraphic (vertebrate fossils) and paleomagnetic studies, the Lower 

Cook Ranch unit is reported to be Middle to Late Chadronian (Tabrum et al., 1996), 

which correspond to an age of 35.7 Ma to 33.7 Ma (Woodburne, 2004). The Middle Cook 

Ranch unit is reported to be Middle to Late Orellan (33.4 Ma to 32.5 Ma; Tabrum et al., 

1996; Woodburne, 2004), while U/Pb dating of an ash layer yielded a slightly older age 

of 35.4 Ma (Kent-Corson et al., 2006). The Upper Cook Ranch unit is placed into the Late 

Orellan NALMA zone (Tabrum et al., 1996), which corresponds to the time interval of 

32.5 to 32.0 Ma (Woodburne, 2004). This age estimate that is roughly confirmed by U/Pb 

dating of an ash layer that yielded an age of 31.1 ±0.7 Ma (Kent-Corson et al., 2006). 

Tabrum et al. (1996) subdivided the Cook Ranch member into the East Hough Draw 

localities, the Matador Ranch local fauna, and the Cook Ranch local fauna. The latter 

yielded one of the most diverse, however highly endemic, faunas in southwestern 

Montana. 

In the two field seasons 2011 and 2012, we collected 130 pedogenic carbonate nodules 

and micritic carbonate samples, including caliches, root casts, burrows and nodule hosting 

silt-/mudstones along a ~65 m of section. The section is mainly composed of tuffaceous 
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mudstones and siltstones with abundant pedogenic carbonate accumulation. The top of 

the section is covered by fluvial channel deposits, consisting of sandstone and carbonate-

cemented conglomerate, which are reported to be “upper Tertiary” (Tabrum et al., 1996). 

Carbonate formation depths have been estimated to range between 48 and 105 cm, 

averaging at 67 ±12 cm (c.f., Retallack (2007) and ref. to downloadable Excel files in 

there). The sampled section corresponds to the paleomagnetic section measured by D. 

Prothero in 1980 (cited in Tabrum et al., 1996), which has been correlated with the upper 

part of Chron C13r or ~34.3-33.7 Ma (Tabrum et al., 1996; full range of Chron C13r = 

35.0 to 33.7 Ma; Ogg, 2012). The section belongs to the lower Cook Ranch exposures 

along the East Hough Draw, representing the lowest part of the Cook Ranch and hosting 

late Chadronian vertebrate fossils (East Hough Draw localities of Tabrum et al. (1996); 

the section is located between the University of Montana localities MV 7732 and MV 

7731). Adjacent to this locality, a tuff bed produced a 35.4 ±0.5 Ma U/Pb age (Kent-

Corson et al., 2006). The reworked tuff bed at the base of this section yielded a biotite 
40Ar/39Ar age of 43.1 ±0.8 Ma (see section 2.1.) and thus gives a maximum age for this 

section. This age is significantly older, but not contradicting the paleomagnetic and 

biostratigraphic age constraints from this locality (Tabrum et al., 1996) and the nearby 

tuff bed (Kent-Corson et al., 2006).  

The δ18Ocarbonate and δ13Ccarbonate values of the pedogenic carbonate samples from the Cook 

Ranch member range between 12.6 and 18.7 ‰ (mean δ18Ocarbonate = 15.5 ±1.5 ‰) and -

6.4 to -0.4 ‰ (mean δ13Ccarbonate = -3.9 ±1.1 ‰), respectively, excluding the fluvial top of 

the section (Fig. 5; Appendix Tab. A6.3). The carbonate contents average at %CaCO3 = 

43 ±8 %. Subdivision of the samples into caliches, siltstones, burrow/root casts, 

concretion, and nodules yields no significant differences (within errors) in the mean 

oxygen and carbon isotopic compositions and carbonate contents between these groups 

and compared to the mean of all samples (Tab. 2 and Fig. 6). I additionally sampled 

isotopic profiles through 25 individual nodules, each comprising 5 to 19 sub-samples 

(Appendix Tab. A6.4). The δ18Ocarbonate and δ13Ccarbonate values within single nodules 

comprise the same range of isotopic values as the nodules across the section. The 

variation of isotopic compositions within a nodule differs between individual nodules: 

some are internally homogeneous with isotopic variations of ~0.2 ‰ for both, δ18Ocarbonate 

and 13Ccarbonate; others show a high variability with ranges up to 2.4 ‰ for δ18Ocarbonate and 

3.7 ‰ for 13Ccarbonate values. 

2.5. Remarks to the isotopic record of the Cook Ranch member 

The Cook Ranch section is of great interest because it most likely covers the Eocene-

Oligocene transition (EOT) in a terrestrial sedimentary section. The EOT is a major 
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(multi-step) climatic transition from the Eocene greenhouse to the Oligocene icehouse, 

which is characterized by the built up of continental ice sheets over Antarctica (e.g., 

Kennett and Shackleton, 1976; Zachos et al., 1992; Coxall et al., 2005; Katz et al., 2008), 

synchronous deepening of the carbonate compensation depths (Coxall et al., 2005), 

associated sea level and ocean circulation changes (e.g., Kobashi et al., 2004; Miller et 

al., 2005; Pusz et al., 2011), faunal and floral turnovers (e.g., Kennett and Shackleton, 

1976; Wolfe, 1994; Ivany et al., 2000; Eldrett et al., 2009), major drops in the marine (Liu 

et al., 2009) and terrestrial temperature (Ivany et al., 2000; Zanazzi et al., 2007; Eldrett et 

al., 2009), changes in the global carbon cycle (Pusz et al., 2011 and ref. in there), and 

declining level of atmospheric pCO2 (DeConto and Pollard, 2003). Terrestrial 

paleoclimatic changes include Asian aridification (Dupont-Nivet et al., 2007) and North 

American cooling (Zanazzi et al., 2007) and drying (Bestland et al., 1997; Terry Jr, 2001). 

Global drivers for this fundamental change from Eocene greenhouse to Oligocene 

icehouse climate should be favored as an explanation (Bowen, 2007), such as declining 

levels of atmospheric pCO2 (e.g., DeConto and Pollard, 2003) or Earth’s orbital 

configuration (e.g., Coxall et al., 2005) rather than regional tectonic events like opening 

of the Tasman and/or Drake passages (e.g., Kennett and Shackleton, 1976). However, 

causes can be complex, interacting and temporally variable in their strength. For instance, 

Miller et al. (2009) suggested that the Antarctic glaciation became a driver and amplifier 

through positive feedback mechanisms of climate change, and was not only the response 

to it. 

Thus, the Cook Ranch member covers one of the most interesting phases of Earth’s 

climate history. Due to broad age constraints of the Cook Ranch sediments and the 

possibility of sedimentation and/or soil carbonate production hiatus it remains difficult to 

point out the occurrence or preservation of the EOT within the section. No major isotopic 

shift occurs, nor are any sedimentological changes discernable throughout the section 

(Fig. 5). This is consistent with the findings that no major aridification step, no changes of 

the oxygen isotopic composition of water, and no changes in temperature seasonality 

occurred in the mid-western USA during the Eocene-Oligocene transition (Zanazzi et al., 

2007). One could tentatively suggest that, if already being in an Eocene/Oligocene high 

elevation plateau configuration (Mix et al., 2011), the southwestern Montana region was 

not sensitive (at least in terms of its δ18O record) to global cooling across the EOT. Thus, 

global cooling did not trigger changes in the atmospheric circulation patterns and 

moisture sources of the continental interior of the western US, which instead might have 

been dominated by regional topography. Nevertheless, the isotopic record is not random, 

in the upper part of the section (30-45 m of section) oxygen isotope values decrease while 

carbon isotope values increase. At this point I could only speculate about the reason(s) for 

this observation. However, applying recently developed methods such as carbonate 
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clumped isotope thermometry and laser-ablation U/Pb dating of carbonates would yield 

valuable information of both, temperature shifts and age constraints of the section. 

Therefore, further efforts on reconstructing paleoclimatic shift during the EOT should 

include the Cook Ranch member since it provides a large variety of soil carbonates and 

allows dense sampling. 

3. Muddy Creek Basin  

The Muddy Creek Basin is a NW-trending intermontane sedimentary basin in 

southwestern Montana (Fig. 2A) with a typical half graben structure (Janecke et al., 

1999). The basin is bound to the east by listric low-angle normal faults that strike parallel 

to the Medicine Lodge Thrust (Muddy Creek fault system) and to the west by smaller 

antithetic normal faults (Fig. 7; Dunlap, 1982; Janecke et al., 1999). Muddy Creek Basin 

sediments unconformably rest on Precambrian to Cretaceous basement rocks of the 

Medicine Lodge and Tendoy thrust sheets (Dunlap, 1982). The basin fill consists of upper 

Eocene to lower Miocene lacustrine, fan-delta and alluvial deposits; coarser lithologies 

are rare and restricted to the basin margins. Most sediments reflect low energy deposits 

and can often be traced along strike of the basin and thus, the consistent bedding dip to 

the east (on average 25°) is likely resulting from later tilting after sediment deposition 

(Dunlap, 1982). Dunlap (1982) assigned Muddy Creek deposits to the Renova Formation 

and subdivided the basin deposits into five lithofacies units (from structurally lowest to 

highest; Fig. 7): (1) coarse tuffaceous (Ttsc), (2) fine tuffaceous (Ttsf), (3) shale/sand 

(Tssh), (4) sand/conglomerate (Tscg), and (5) volcanic (Tcv). Harkins et al. (2004) refers 

the volcanic deposits (Tcv) to the Challis volcanics, however, according to Dunlap (1982) 

this facies clearly overlies the older Eo-/Oligocene Muddy Creek facies and is thus 

younger than the Challis volcanic field. This is partly revised by Janecke et al. (1999), 

who also suggest 5 different facies (from structurally lowest to highest): (A) volcanic 

rocks (Tcv) and (B) interbedded conglomerate (Tcg), (C) tuffaceous shale (Tts), (D) 

organic-rich shale (Tos), (E) conglomerate and sandstone (Tcs). However, the facies 

distribution differs significantly and new 40Ar/39Ar age controls indicate that some of the 

ash-flow tuffs in the north of the basin are older than previously thought. Further, the 

Muddy Creek deposits are not correlated to the Renova Formation, even though they are 

largely time equivalent (Janecke et al., 1999). 

Volcanic deposits at the base of the Muddy Creek strata have been dated to 49.47 ± 0.05 

Ma (Lemhi Pass Paleovalley, northern Muddy Creek Basin; Janecke et al., 1999) and an 

ashflow tuff bed was emplaced at ~47.1 Ma based on two sanidine single-crystal 
39Ar/40Ar ages (47.07 ±0.26 Ma (Janecke et al., 1999) and 47.07 ±0.13 Ma (M'Gonigle 

and Dalrymple, 1996); the latter is recalculated to 47.57 ±0.16 Ma by Janecke et al. 
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(1999)). A tephra layer in the overlying facies (Tts of Janecke et al. (1999) and Ttsf of 

Dunlap (1982)) is dated to 45.17 ±0.22 Ma (Janecke et al., 1999). U/Pb dating of zircons 

from a rhyolite (sampling locality “V3” on Fig. 7, Ttsc unit of Dunlap (1982)) yields a 

concordia age of 46.2 ±0.3 Ma (Appendix Fig. A6.2) and thus, confirms the middle 

Eocene age of this facies. These geochronological age constraints indicate that volcanic 

rocks in the Muddy Creek Basin likely represent the Eocene Challis Volcanic Group (~49 

Ma to ~46 Ma). Fossil vertebrate remains found in stratigraphically higher sand/shale unit 

of Dunlap (1982), include mammal, reptile and fish species that indicate an early 

Chadronian age (i.e., Ch1/Ch2 ~37.0 to 35.7 Ma; Woodburne, 2004; Dunlap, 1982). 

Mollusk remains from the top of this facies have an early Eocene to early Oligocene age 

range (Janecke et al., 1999). Paleofloral remains are abundant in these sediments and 

show a high affinity to the late Eocene (~34 Ma) Florissant Flora (CO, USA) and imply 

cool-moist paleoenvironmental conditions (Dunlap, 1982). In summary, the lower portion 

of the basin fill is likely middle Eocene in age, whereas the upper part of the sediments is 

late Eocene and latest Eocene or even Oligocene in the uppermost unit.  

3.1. Stable isotope data of the Muddy Creek Basin 

We sampled section 2 (2A to 2C) of Dunlap (1982), which is located in the southwestern 

part of the basin and belongs to the Tss/Tos facies (Fig. 7; Tab. 1). This facies consist 

mainly of shales, mudstones and siltstones with locally occurring discontinuous beds of 

sandstones, conglomeratres (as channel fills), and rare limestones and marls. These 

deposits have been interpreted to represent distal alluvial fans propagating over lake 

margins and shallow lake deposits (Dunlap, 1982). Locally present are faunal and floral 

remains and molluscs indicate freshwater environments and marginal organic-rich pond 

settings (Janecke et al., 1999). The sampled section is ~ 93 m long and mostly consists of 

silt- to mudstones containing abundant pedogenic carbonate nodules; the latter likely 

represent pedogenic processes in overbank and sheet-wash deposits (Dunlap, 1982). The 

mudstones grade into lacustrine shales and organic rich sediments with abundant leaf 

debris. Gypsum and jarosite are occasionally found, indicative of temporally arid 

conditions. However, Dunlap (1982) points out that the absence of desiccation features 

and evaporitic mineral suites rule out playa-like conditions, but rather suggest 

subaquateous or secondary gypsum deposition. Along the ~93 m we sampled 65 different 

horizons, including 55 carbonate nodule containing mudstone beds. Other sampling 

targets were limestone beds, gypsum and jarosite layers, lignite, fossil remains, a 

distinctive gastropod layer and an ash layer. At each nodular horizon we took multiple 

nodule samples and analyzed 140 nodules and 6 limestone samples. 



 

156 Chapter 6. Stable isotope records of Paleogene basins in western North America 

The δ18Ocarbonate and δ13Ccarbonate values of carbonate nodules of the Muddy Creek Basin 

range between 14.5 and 19.0 ‰ (mean δ18Ocarbonate = 16.9 ±0.9 ‰) and -7.1 to -1.5 ‰ 

(mean δ13Ccarbonate = -4.6 ±1.0 ‰), respectively, excluding nodules from one particular 

horizon due to distinct higher δ18Ocarbonate, δ
13Ccarbonate and carbonate content values (Fig. 

8; Appendix Tab. A6.5). The carbonate contents of the pedogenic nodules average at 

%CaCO3 = 60 ±8 %. Nodules with higher δ18Ocarbonate, δ
13Ccarbonate and carbonate content 

values (at 38.3 m of section) have mean δ18Ocarbonate = 23.0 ±2.8 ‰ (range between 19.0 

and 25.5 ‰) and a mean δ13Ccarbonate = -0.9 ±1.4 ‰ (range between -2.9 and 0.2 ‰). 

Carbonate contents of these nodules are highly variable and range between 10 to 64 % 

(mean %CaCO3 = 32 ±20 %). Within this horizon the δ18Ocarbonate, δ
13Ccarbonate, and 

%CaCO3 values are highly correlative with low δ18Ocarbonate corresponding to low 

δ
13Ccarbonate and high %CaCO3 values. The δ18Ocarbonate and δ13Ccarbonate values of limestone 

samples of the Muddy Creek Basin range from 15.7 to 17.2 ‰ (mean δ18Ocarbonate = 16.2 

±0.5 ‰; n=6) and -1.3 to 4.2 ‰ (mean δ13Ccarbonate = 1.0 ±1.7 ‰; n=6), respectively. The 

carbonate contents of the limestone averages at %CaCO3 = 64 ±7 %. The δ18Ocarbonate / 

δ
13Ccarbonate covariance plot shows that the isotopic values are negatively correlated (R2 = 

0.71, n=6; Fig. 9). 

3.2. Remarks 

To briefly evaluate the results, I compare the isotopic record of the Muddy Creek Basin 

with isotopic records of the adjacent Eocene Sage Creek Basin (Sage Creek Formations, 

Dell Beds, and Cook Ranch member) (Fig. 10). The age constraints for the Tss/Toc facies 

of the Muddy Creek basin are relatively broad: it is younger than underlying tuff beds 

(~45-47 Ma) and probable Early Chadronian age (~37 to 35.7 Ma) based on vertebrate 

fossils found in this facies. This indicates that the Muddy Creek section falls between the 

age ranges given for the Dell Beds and the Cook Ranch member or slightly overlaps the 

Lower Cook Ranch unit (Tabrum et al., 1996). The mean oxygen isotopic value of 

pedogenic carbonates from the Muddy Creek section (mean δ18Ocarbonate = 16.9 ±0.9 ‰) is 

distinctively higher than the values of the upper and lower units of Sage Creek Formation 

(mean δ18Ocarbonate = 14.7 ±0.7 ‰ and mean δ18Ocarbonate = 12.7 ±0.4 ‰). Within error 

mean δ13Ccarbonate values of the Muddy Creek section and the lower unit of the Sage Creek 

Formation (mean δ13Ccarbonate = -3.2 ±0.3 ‰, range -3.9 to -2.9 ‰) are similar, while the 

variability of the δ13Ccarbonate values is higher in the Muddy Creek record. However, one 

have to keep in mind that our number of samples from the lower unit of the Sage Creek 

Formation is limited (n=5), but agrees with the mean δ13Ccarbonate value of -2.4 ±1.4 ‰ 

reported by Kent-Corson et al. (2010). The carbon isotope values of the upper unit of the 

Sage Creek Formation (mean δ13Ccarbonate = -0.3 ±0.4 ‰, range -1.0 to 0.4 ‰) are 

distinctively higher compared to the Muddy Creek record.  
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Within errors mean δ18Ocarbonate values of the Dell Beds (15.8 ±2.3 ‰) and the Cook 

Ranch member (15.5 ±1.5 ‰) are similar to the Muddy Creek data (16.9 ±0.9 ‰). 

Likewise, the mean δ13Ccarbonate value of the Muddy Creek basin (-4.6 ±1.0 ‰) as well as 

the δ13Ccarbonate range (-7.1 to -1.5 ‰) are similar to δ13Ccarbonate records of the Dell Beds 

(mean δ13Ccarbonate = -3.4 ±0.9 ‰, δ13Ccarbonate range = -5.6 to -1.0 ‰) and the Cook Ranch 

Formation (mean δ13Ccarbonate = -3.9 ±1.1 ‰, δ13Ccarbonate range = -6.4 to -0.4 ‰). The 

good agreement between the isotopic records of the Muddy Creek, Dell, and Cook Ranch 

sections, even though only partly contemporaneously deposited, suggests that the regional 

conditions controlling the isotopic record were comparable (1) across local boundaries 

(active Muddy Creek-Grashopper thrust) and (2) within different paleoenvironmental 

settings (Muddy Creek rift half graben vs. Sage Creek flexural basin/tectonically 

quiescent Renova Basin). This in turn suggest that during late Eocene carbonate 

formation in the Sage Creek and Muddy Creek basins large-scale/regional processes, such 

as atmospheric circulation patterns and/or regional temperature and precipitation 

conditions, were more important in affecting long-term isotopic record (i.e., mean values) 

in these basins than basin-scale conditions (e.g., evaporation, local discharge and/or water 

recycling).  

4. Kishenehn Basin  

The elongated NW-trending Kishenehn Basin is located in northwestern Montana and 

southwestern British Columbia, immediately west of the Lewis thrust salient, and is 

drained by the North and Middle Forks of the Flathead River (Fig. 11). The Kishenehn 

Basin developed as an intermontane basin during post-Laramide crustal extension in the 

Cordilleran fold-and-thrust belt and is bounded to the NE by the SW-dipping Flathead 

Roosevelt listric normal fault and to the SW by a part of the Nyack antithetic fault system 

(Constenius, 1988). The structure of the basin changes from a half-graben (bounded by 

the Fleathead fault) in the north towards a graben structure (bounded by the Fleathead and 

Nyack faults) in the south (Constenius, 1988). The sedimentary record indicates a 

continuous syntectonic deposition of the sediments in the Kishehehn Basin during active 

basin development and normal faulting of the Flathead fault (Bourke et al., 2004). The 

sediments are tilted to the northeast (15-50° NE) with a gradual flattening of dip up-

section (from ~50° to ~10°; Constenius, 1988, 1996). The basin comprises about 3 km of 

terrestrial sediments, mostly lacustrine and palustrine deposits, but also transient 

paleoenvironments such as paleosols and fluvial deposits (Constenius, 1981, 1996; 

Bourke et al., 2004). Sedimentary thickness is maximal in the center of the basin and 

decreases towards the basin’s terminations. Provenance analysis indicates that sediments 

were derived from the northeast (ancestral Lewis Range). The Kishenehn Formation rests 
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on Middle Proterozoic Belt Supergroup, which is exposed in adjacent areas. Paleozoic 

rocks are only locally present (Whitefish Range to the west), similar to upper Cretaceous 

to Paleogene conglomerates and sand- and siltstones (along the NE flank of Whitefish 

Range). Based palynomorphic analysis, these sediments are Paleocene in age and might 

represent the basal unit of the Kishenehn Formation (Constenius, 1981). The formation 

has been subdivided into the Coal Creek member, the Kintla Creek member (later named 

the basal member; only present in the North Fork area; Constenius et al., 1989), and the 

Pinchot Conglomerate member (Constenius, 1981). Parts of these sediments are overlain 

by Neogene alluvium and gravel deposits and Quaternary glacial, peri-glacial, and fluvial 

deposits. The Coal Creek member contains about 1150 m fine-grained clastic and 

carbonate rocks including sand- and siltstones, mudstones and claystone, lignites, “oil 

shales”, marlstones, and minor sandy pebble-cobble conglomerate. The lower part of this 

unit is mainly of fluvial origin, whereas the ~ 500 m thick middle part contains lacustrine, 

paludal, and fluvial sediments and the upper part consists of alluvial fan, fluviatile, 

paludal, and lacustrine deposits. The Kintla Creek member contains 2000 to 3000 m 

thick, red-colored, fine-grained (calcareous claystone, marlstones, and calcretes) and 

coarse clastic rocks, representing distal alluvial fan and marginal fan deposition. The 

Pinchot Conglomerate member consists of about 200 m to 700 m thick poorly sorted 

coarse clastic rocks, including sandy mudstones and siltstones grading into muddy 

sandstones, pebble-boulder conglomerate and rare vitric tuff beds. The immature and 

coarse-grained nature indicates rapid deposition by debris flows, eolian ash falls and 

ephemeral braided streams in proximal and medial parts of an alluvial fan system. 

Paleoclimatic reconstructions based on microflora and palynomorphic studies indicate 

two kinds of paleoenvironments: (1) proximal poorly drained lowland floodplains 

containing lake, pond, swamp/marsh environments in a humid warm-temperate to 

subtropical climate, and (2) distal highlands with a temperate to warm-temperate climate 

(Constenius, 1981). This is supported by leaf-size and morphology analysis of 

macrofloral fossil assemblages, including leaves, needles, twings and woody material, 

which suggest a warm humid climate (Constenius, 1981; Constenius et al., 1989), and by 

vertebrate fossil remains (small mammalian forms) that were reported to have inhabited 

the adjacent densely forested highlands (Russell, 1964). Some lithologies such as “oil 

shales” also support this by pointing to anoxic lake conditions, which are more likely to 

develop under warm tropical climates, whereas the occurrence of evaporates (gypsum and 

calcretes) require dry conditions.  

Based on biostratigraphic and radiometric dating the age of the Kishenehn Basin has been 

estimated to be middle Eocene to Oligocene (Constenius, 1996). Single-crystal 40Ar/39Ar 

dating on biotite yielded an age of 46.2 ±0.4 Ma and zircon fission track dating yielded an 

age of 43.5 ±4.9 Ma (note that this is the revised age of the 33.2 ±1.5 Ma tuff bed 
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reported by Constenius et al. (1989); Constenius, 1996; Fig. 11). Palynomorphic analysis 

indicate late Eocene-early Oligocene age (Constenius, 1981) and freshwater mollusks 

were assigned to be Eocene (Russell, 1964). The mammalian fossil record is quite unique 

in North America (Constenius et al., 1989) and points to a Duchesnean or early 

Chardronian NALMA (Russell, 1964), but might be as old as early Uintan or late 

Bridgerian (Constenius, 1996). Based on the age constraints and the thick sedimentary 

sequence, Bourke et al. (2004) postulated that the basin record spans the Eocene-

Oligocene transition.  

4.1. Stable isotope data of the Kishenehn Basin 

We sampled two sections along cut banks of the Middle Fork of the Flathead River. 

These sections are located at the southern termination of the basin, north of the town 

Essex (Fig. 11, Tab. 1). At both localities the middle sequence of Coal Creek member 

crops out and is mostly overlain by the Pinchot conglomerate member or Quaternary 

deposits. In total we collected 116 carbonate samples.  

The first section consists of alternating mud-/marlstones, siltstones and fine-grained 

sandstones with carbonate nodules and burrows present in the finer-grained lithologies, 

indicating paleosol development in this sedimentary sequence. We collected 68 

carbonate-bearing samples along ~20 m of section. δ18Ocarbonate and δ13Ccarbonate values of 

this section range from 9.8 to 22.0 ‰ (mean δ18Ocarbonate = 16.7 ±2.6 ‰; median 

δ
18Ocarbonate = 16.9 ‰; n=68) and -6.3 to -1.3 ‰ (mean δ13Ccarbonate = -4.6 ±1.4 ‰; median 

δ
13Ccarbonate = -5.0 ‰; n=68), respectively (Fig. 12A, Appendix Tab. A6.6). The carbonate 

content is highly variable (between 1 to 85 %) and largely depends on the sample 

lithology. Subdivision according to the sampling lithology, namely burrows, nodules, 

sand-, silt-, and mud-/marlstones yield the following results (Fig. 13 and Tab. 3): Burrows 

occur in the lower part of the section and show the most homogeneous isotopic 

composition with mean δ18Ocarbonate and δ13Ccarbonate values of 18.2 ±0.3 ‰ and -5.1 ±0.3 

‰ (n=4). Nodules are distributed across the whole section and have a mean δ18Ocarbonate = 

17.1 ±0.7 ‰ and δ13Ccarbonate = -5.3 ±1.1 ‰, whereby one sample was excluded due to its 

high δ18Ocarbonate value of 22.0 ‰ and its low δ13Ccarbonate value of -1.5 ‰ and low 

carbonate content of only ~4 %. The mud-/marlstones, siltstones, and sandstones have 

mean δ18Ocarbonate and δ13Ccarbonate values of 17.4 ±2.4 ‰ and -4.4 ±1.5 ‰ (n=34), 15.5 

±2.7 ‰ and -4.8 ±1.2 ‰ (n=10), 14.6 ±2.6 ‰ and -4.9 ±1.1 ‰ (n=11), respectively. The 

soil features (nodules and burrows) as well as their host rocks (mudstones) have generally 

higher δ18Ocarbonate compared to the sand- and siltstones, however all mean values overlap 

within standard deviations (despite sandstones and burrows). These higher values might 

have been achieved during a more arid climate with higher evaporitic rates accompanied 
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by diminishing river sizes (changes from sandstone deposits to mudstone deposits by 

reduced river recharge) or simply because the soil water capacity is increased in finer 

grained sediments, which allows more time for evaporitic enrichment of oxygen isotopes 

in soil water.  

The second section consists of alternating mudstones and paper shales, reflecting a 

lacustrine depositional environment, and is located close to the confluence of the Tunnel 

Creek into the Middle Fork of the Flathead River. We collected 47 samples, including 22 

mudstones/marlstones and 25 paper shales (Fig. 12B; Appendix Tab. A6.6). δ18Ocarbonate 

and δ13Ccarbonate values of this section range between 14.1 to 23.8 ‰ (mean δ18Ocarbonate = 

21.3 ±1.7 ‰; median δ18Ocarbonate = 21.6 ‰; n=47) and 0.3 to 12.8 ‰ (mean δ13Ccarbonate = 

5.8 ±2.6 ‰; median δ13Ccarbonate = 5.2 ‰; n=47), respectively. If paper shale and 

mudstone/marlstone samples are distinguished, the mean δ18Ocarbonate values are 21.4 ±1.5 

‰ and 21.0 ±1.9 ‰ and the mean δ13Ccarbonate are 5.4 ±2.4 ‰ and 6.0 ±2.5 ‰, 

respectively (Tab. 3). Thus, the mean isotopic compositions of the two lithologies are 

identical (within errors). In addition, no distinct covariance between δ18Ocarbonate and 

δ
13Ccarbonate values (Fig. 14) suggests open lake system conditions (Leng and Marshall, 

2004). 

4.2. Remarks 

Previously collected samples from the Kishenehn Basin have δ18Ocarbonate and δ13Ccarbonate 

values that range between 14.8 to 22.7 ‰ (mean δ18Ocarbonate = 19.7 ±1.7 ‰; median 

δ
18Ocarbonate = 20.1 ‰; n=44) and -2.2 to 7.7 ‰ (mean δ13Ccarbonate = 3.3 ±2.4 ‰; median 

δ
13Ccarbonate = 3.6 ‰; n=44), respectively (Chamberlain et al., 2012). The stable isotope 

data of section 2 presented here confirms these results by having an identical range of 

δ
18Ocarbonate and δ13Ccarbonate values and similar mean values (within errors).  

Further studies should assess the diagenetic history of the basin to evaluate the potential 

of the stable isotope data to reliably record paleoenvironmental characteristics. Petroleum 

host rock potential analysis showed that there is potential for oil shales and lacustrine 

strata, but most samples are thermally immature. For instance, vitrinite reflectance (VR) 

data range between 0.28 and 0.51 %R0 in the Kishenehn Basin (Curiale et al., 1988), 

roughly translating to 0°-72° (using the model of Barker and Goldstein, 1990). However, 

given the (1) low VR data, (2) heterogeneous distribution of isotopic data between the 

different paleoenvironments (pedogenic and lacustrine), and (3) stable isotope that is 

comparable to other stable isotopic basin records (c.f., Chamberlain et al., 2012), 

diagenesis most likely play no or only a minor role in the Kishenehn Basin sediments. 

Nevertheless, future research may confirm this by applying clumped isotope thermometry 

to the carbonate-containing samples or phosphate-containing fossil remains and/or by 
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analyzing glycerol dialkyl glycerol tetraethers (GDGTs) of the organic-rich 

deposits/paleofloral remains. The Kishenehn Basin hosts a vast fossil record including 

micro- and macrofloral remains, gastropods, mollusks, insects, fishes and mammal 

remains (c.f., Constenius et al., 1989). Some are spectacularly well preserved such as a 

blood-engorged mosquito, where heme (the oxygen-carrying group of hemoglobin in the 

host’s blood) had been identified (Greenwalt et al., 2013). The paleontological diverse 

record yields important paleoenvironmental constraints and hold the potential to be used 

complementary to the stable isotope-based paleoclimatic analysis.  

5. Chumstick Basin  

Additional stable isotope data from the Chumstick Basin was collected from the early 

Oligocene Wenatchee Formation, which is exposed in the south-east of the basin, near the 

town of Wenatchee (Fig. 15; for a detailed geological setting of the Chumstick Basin see 

Chapter 5). The Wenatchee Formation mainly consists of tuffaceous shale and sandstone 

and overlies unconformably the Chumstick Formation or the Swakane Biotite Gneiss 

(Gresens et al., 1981). Gresens (1980) postulated that the fluvial and lacustrine 

Wenatchee sediments were deposited on a low-relief surface after topography, formerly 

present during “Chumstick time”, was reduced by erosional processes (Gresens, 1980; 

Gresens et al., 1981). Fluvial transport was to the west-southwest and source terrain was 

mainly the Swakane Biotite Gneiss (Gresens et al., 1981). The lower portion of the 

Wenatchee Formation is dated to ~34 Ma by zircon and apatite fission track analysis 

(Gresens et al., 1981), which is in agreement with palynological data (Newman, 1981). 

Concordant apatite and zircon ages suggest that the sediments did not experienced 

significant burial and exhumation (Gresens et al., 1981).  

5.1. Stable isotope data of the Wenatchee Formation 

We collected calcite-cemented sandstone concretions and concretionary layers from the 

Blue Grade locality (reference section from Gresens (1980) and Gresens et al. (1981)). 

The oxygen isotopic values of the Wenatchee Formation range from 13.3 to 15.9 ‰ and 

show two distinct clusters: In the lower part of the section (0-12 m), δ18Ocarbonate values 

range from 15.3 to 15.9 ‰ with a mean δ18Ocarbonate of 15.6 ±0.2 ‰ (n=5), whereas in the 

upper part of the section (27-32 m), δ18Ocarbonate values range from 13.3 to 14.5 ‰ with a 

mean δ18Ocarbonate of 13.8 ±0.5 ‰ (n=4) (Fig. 16; Appendix Tab.A6.7). In contrast, 

δ
13Ccarbonate values and carbonate contents do not vary systematically across the section 

(Fig. 16). δ13Ccarbonate values range from -7.7 to -4.2 ‰ with a mean δ13Ccarbonate of -6.8 

±1.0 ‰ and carbonate contents range from 8 to 21 % with one exception that shows a 

decreased carbonate content of only ~2 %. This sample, however, yields reasonable 
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isotopic values (δ18Ocarbonate = -16.5 ‰ and δ13Ccarbonate = -4.2 ‰) and thus was not 

excluded from interpretation. A likely explanation for this is an artificial failure during 

sampling preparation and measurements. It occasionally occurs that some of the sampling 

powder, when hit by the first acid drop, spills on the vial wall and thus escapes acid 

dissolution. This “incomplete dissolution” of the powdered sample in the GasBench vial 

does not affect the isotopic measurements (no kinetic fractionation occurs). However, 

since the carbonate contents are calculated based on the sample weights used for the 

GasBench measurements, this can result in a decreased carbonate content value.  

5.2. Remarks 

Further research is necessary to put the preliminary isotopic data of the Wenatchee 

Formation in an adequate context. This includes more isotopic data, better age constrains, 

and an improved understanding of carbonate formation and potential digenetic processes 

that might have affected samples (c.f., Chapter 5). If further studies, potentially including 

stable and clumped isotope analyses and thin section investigations, would confirm 

thermochronological studies, which suggest no major sediment burial and heating, 

samples from the Wenatchee Formation hold the potential to assess Oligocene 

paleoenvironment and paleotopography in central Washington. Furthermore, this would 

yield a stable isotope locality at the western edge of the North American Cordillera and 

therefore, is of great interest for comparison with Oligocene stable isotope records in the 

eastern part of the Cordillera (e.g., Cook Ranch member, Sage Creek Basin, MT). 

6. Swauk Basin  

The Swauk Basin is located in the Cascade Range in central Washington, just to the west 

of Eocene Chumstick Basin and south of the Ingalls Tectonic Complex (Early Cretaceous 

or Late Jurassic) and the Mt. Stuart Batholith (Fig. 17A). To the east and west, this 

Paleogene strike-slip basin is bound by the Leavenworth Fault Zone and the Straight 

Creek fault system, respectively. The stratigraphy of the Swauk Basin comprise (in 

ascending order) (1) ≥ 4800 m Swauk Formation, (2) ≥ 2500 m Teanaway Formation, and 

(3) ≥ 2500 m Roslyn Formation (Fig. 17B; Taylor et al., 1988). Both, the Swauk and 

Roslyn Formations are sedimentary units, whereas the Teanaway Formation mainly 

consists of basalts. According to Yeats (1977), the Swauk Basin is the type area of the 

Swauk Formation, but the formation extends in a NNW-trending discontinuous belt 

across the Cascades towards the town of Bellingham, where the Chuckanut Formation is a 

correlative to the Swauk Formation. In contrary, Evans and Ristow Jr (1994) assign this 

NNW-SSE tending outcrop belt to the Chuckanut Formation.  
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Age constraints are based on paleofloral data and radiometric dating. The Swauk 

“megaflora” is considered to be Paleocene, but might extent from Late Cretaceous to 

Eocene times (Yeats, 1977), however basal conglomerate include plutonic rocks from the 

Mt. Stuart Batholith, where unroofing has been dated to ~55 Ma (Yeats, 1977), thus 

giving an upper age limit of early Eocene. Palynological (Newman, 1981) and zircon 

fission track dating of the interbedding Silver Pass Volcanic member (50-52 Ma) point to 

an early to middle Eocene age (Tabor et al., 1984; Taylor et al., 1988). The overlying 

Teanaway Formation, which unconformably overlies the folded and faulted Swauk 

Formation, has an age of ~47 Ma (Tabor et al., 1982, 1984; Taylor et al., 1988). The 

Roslyn Formation, in turn, overlies the Teanaway Formation and has an assigned age 

between 34 and 47 Ma (Tabor et al., 1984). Based on lithological correlation with the 

Chumstick Formation, the depositional age of the Roslyn Formation is about ~45 Ma 

(Gresens et al., 1977), which is in agreement with late Eocene palynological age estimate 

(Newman, 1981). 

6.1. Swauk Formation – geology, sampling, data and implication for future research 

The Swauk Formation contains arkosic sandstone, siltstone, shale, and local conglomerate 

and coal beds (Yeats, 1977). Stratigraphic subdivision identified seven informal 

stratigraphic units, which are of alluvial-fan, fluvial (meandering and braided rivers), 

lacustrine-deltaic, and lacustrine origin (Taylor et al., 1988). Rapid changes in facies 

distribution and provenance indicate tectonically controlled drainage reorganizations and 

sediment deposition (Taylor et al., 1988). Provenance analyses indicate mainly eastern 

and northern, and locally western derived sediments (Taylor et al., 1988; Yeats, 1977). 

We sampled carbonate-cemented sandstone concretions and carbonate-cemented 

siltstone/sandstone horizons at the Old Blewett Pass locality (Fig. 17A, Tab. 1), which 

likely formed at or immediately below the groundwater table or in the capillary fringe of 

the vadose zone. The host sediments belong to the sandstone facies of Swauk Pass of 

Taylor et al. (1988), which is the lowermost member of the Swauk Formation and has a 

minimum thickness of ~ 2300 m (Taylor et al., 1988). The facies mainly consists of 

fining-upward cycles of coarse-grained sandstones to fine-grained sandstones or 

mudstones and has been interpreted to reflect low-gradient fluvial deposits with 

provenance from the north-north-east (Taylor et al., 1988). Overall, we collected 53 

samples, including 47 concretions and 6 sandstone horizons at 11 stops along the Old 

Blewett Pass Road. δ18Ocarbonate and δ13Ccarbonate values of the Swauk Formation spread 

from 10.3 to 17.2 ‰ (mean δ18Ocarbonate = 13.3 ±1.5 ‰; median δ18Ocarbonate = 13.0 ‰; 

n=53) and -14.2 to 10.0 ‰ (mean δ13Ccarbonate = -5.4 ±5.2 ‰; median δ13Ccarbonate = -7.3 

‰; n=53), respectively (Appendix Tab. A6.8 and Fig. 18). If subdivided into concretion 
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and non-concretion/sandstone layer samples, the concretion δ18Ocarbonate values show a 

mean of 13.4 ±1.4 ‰, whereas the carbonate-containing sandstone layers have a mean 

δ
18Ocarbonate value of 11.8 ±1.1 ‰, and thus are indistinguishable within their errors. 

However, mean δ13Ccarbonate values vary by about 4 ‰ with mean δ13Ccarbonate values of -

4.9 ±5.3 ‰ for concretions of -9.3 ±0.9 ‰ for non-concretionary samples, respectively, 

whereby the concretions show a large spread in δ13Ccarbonate values of ~ 24 ‰ compared to 

~ 2 ‰ for the sandstone layers (Tab. 4). This one order of magnitude higher variability in 

carbon isotopic compositions likely reflect the irregular distribution of carbon species and 

the variable temperatures and rock-water ratios in the groundwater zone, which play 

major roles in determining the isotopic composition of groundwater carbonates (e.g., 

Quade and Roe, 1999; Dale et al., 2014; Singh et al., 2014).  

This shows, in addition to the studies of the Chumstick (Chapter 5) and Chuckanut basins 

(see below), that careful determination of carbonate formation conditions and origin of 

samples is needed before adequate assessment of paleoenvironmental conditions is 

possible. Paleoenvironmental conditions (climate and elevation), however, can be of large 

interest since the surrounding metamorphic and magmatic terrane experienced a middle 

Eocene “uplift/erosion” event: the Late Cretaceous Mt. Stuart batholith (~93 Ma) is 

suggested to experience a pulse of erosion at ~55 Ma ago and provided sediments of the 

Swauk Formation (Tabor et al., 1984), just as the Swakane Biotite Gneiss (Taylor et al., 

1988). This poses the questions of what implications these erosional pulses had on 

paleotopography (build-up or subdue relief), how topography looked like before erosion 

enhanced and if erosion was driven by climatic or topographic changes. 

6.2. Roslyn Formation – geology, sampling, data and implication for future research 

The Roslyn Formation crops out in the southern part of the Swauk Basin (Fig 17A). It 

consists mostly of thick-bedded fluvial arkosic sandstone and less siltstone/mudstone, is 

markedly less indurated than the Swauk Formation, and generally relatively flat-lying 

(Tabor et al., 1982; Taylor et al., 1988). The Roslyn Formation conformably overlies the 

Teanaway Formation and is subdivided into the lower, middle and upper Roslyn members 

(Tabor et al., 1982). Palynomorphic studies indicate a late Eocene age of the upper 

member of the Roslyn Formation (Newman, 1981).  

We sampled 69 carbonate-cemented sandstone concretions at four different localities: the 

lower Roslyn member along the middle Fork of the Teanaway River, the middle Roslyn 

member at “Red Bridge” and along the western Fork of the Teanaway River, and the 

upper Roslyn member near the town Ronald (Fig. 17A). δ18Ocarbonate and δ13Ccarbonate 

values of the Roslyn Formation range from 6.7 to 16.9 ‰ (mean δ18Ocarbonate = 12.0 ±3.0 

‰; median δ18Ocarbonate = 11.9 ‰; n=72) and -20.8 to -0.6 ‰ (mean δ13Ccarbonate = -13.1 
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±4.1 ‰; median δ13Ccarbonate = -12.1 ‰; n=72), respectively. The individual sections show 

a reduced spread in δ18Ocarbonate and δ13Ccarbonate values, but their means are identical 

within the error (Fig. 19, Tab. 4; Appendix Tab. A6.9).  

Some interesting observations can be made on different scales: First, δ18Ocarbonate and 

δ
13Ccarbonate values of the longest section of the Roslyn Formation (Red Bridge, ~15 m of 

section) show a distinct pattern: δ18Ocarbonate values plot at three distinct mean values of 

8.0 ±0.3 ‰ (n=4), 12.1 ±0.4 ‰ (n=21), and 16.4 ±0.3 ‰ (n=16) and δ13Ccarbonate values 

plot around two mean values of -10.6 ±0.7 ‰ (n=22) and -15.3 ±0.7 ‰ (n=19) (Fig. 20). 

Second, in the δ18Ocarbonate - δ
13Ccarbonate covariance plot, the Red Bridge samples cluster at 

three distinct δ18O/δ13C-fields at approximately 8/-13 ‰, 12/-10 ‰ and 16/-15 ‰ (Fig. 

19D). At the three other sampling localities (Ronald, Middle and West Fork of Teanaway 

river), δ18Ocarbonate and δ13Ccarbonate values exhibit a high covariance with positives slopes 

and R2 values of up to 0.98 (Fig. 19D). Third, on a regional scale, the δ18Ocarbonate record 

of the Roslyn concretions shows the lowest δ18Ocarbonate values, but the largest range of 

δ
18Ocarbonate values of all measured sandstone concretion of the Paleogene basins in 

Washington (Fig. 23). In addition, the δ13Ccarbonate values are exclusively negative, which 

is also uncommon compared to the other Washington basin records, but might reflect that 

the concretion formed in groundwater where the carbon species was mostly derived from 

overlying soils and from decomposing organic matter.  

7. Chuckanut Basin 

The Paleogene Chuckanut Basin is located in northwestern Washington and the 

Chuckanut sediments form an NE-SW-directed outcrop belt between the Pacific coast 

(town of Bellingham) and the Mt. Baker area (Fig. 21). The basin shares many 

characteristics of a strike-slip basin, such as the great sedimentary thickness, rapid 

subsidence rates (sediment accumulation >50 cm/ka), rapid vertical and lateral changes in 

sedimentation style, petrology, and sediment transportation (Johnson, 1982, 1985, 1991). 

It further shows irregular, sporadically active E-NE trending basin margins formed by 

dip-slip faults and intraformational unconformities, Eocene folding on N-NW axes, and 

rapid switches between extensional and compressional tectonics (Johnson, 1982, 1983, 

1985, 1991). Together with syndepositional magmatism (interbedding and intrusion of 

extension-generated volcanics) and deformation showing right lateral shear, this suggest 

that the Chuckanut Basin formed in an extensional zone of right lateral shear between 

major strike-slip faults, probably between the Straight Creek fault and a postulated major 

fault to the west, forming an atypical large strike-slip controlled basins (Johnson, 1982, 

1985). Several Chuckanut correlatives are cropping out south of the major Chuckanut 

outcrop belt, including rocks at Coal Mountain, Higgings Mountain, SE of Mt. Vernon, 
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the marine Ranging River Formation and the marine-terrestrial Puget Group, the middle 

to upper Eocene Naches Formation, as well as the Swauk and Roslyn Formations, and the 

Chumstick Formation in central Washington (Johnson, 1982). 

Chuckanut sediments have been subdivided into six different members (from ~oldest to 

youngest): (1) Bellingham Bay member (BBM), (2) Governors Point member, (3) Slide 

member (SM), (4) Padden member, (5) Maple Falls member, and (6) Warnick member, 

whereby the stratigraphic positions of the Maple Falls and Warnick members are 

uncertain (Figs. 21B; Johnson, 1982; Mustoe et al., 2007). Sediments consist of mostly 

arkosic sandstone, conglomerate, siltstone, and coal layers and provenance analysis imply 

the rapidly exhumed high-grade metamorphic terrane in eastern Washington (including 

the Omineca belt) as well as adjacent fault blocks to the west of the basin as sediment 

sources (Johnson, 1982). Sedimentary thickness has been estimated to 5.7 to 6.0 km of 

alluvial sediments, reflecting an extensive fluvial system. Latest Paleocene to Eocene age 

estimates of Chuckanut sediments are based on fission track dating and palynological data 

(Johnson, 1982, 1984, 1991). The Chuckanut sediments are interbedded with and/or 

intruded by rhyolith (52.7 Ma and 38-45 Ma) and basaltic dikes (41-50 Ma) (Johnson, 

1982). Palynological studies indicate a subtropical flora and point to a late Paleocene age 

for the basal Chuckanut Formation and a middle to late Eocene age for the upper 

Chuckanut Formation (refs. in Johnson, 1982). Post- (or syn-?) depositional deformation 

in the late to middle Eocene resulted in NW- and E-W-trending folds (Johnson, 1982; 

Lapen, 2000). The Chuckanut Formation is unconformably overlain by the late Eocene to 

Oligocene Huntingdon Formation (Johnson, 1982; Lapen, 2000). 

The Bellingham Bay member and the Slide member yielded fossil leaf imprints that 

reveal the presents of subtropical plant communities, including palm remains indicative of 

cold month temperatures > 5°C. Climate Leaf Analysis Multivariate Program (CLAMP) 

analyses yield mean annual temperatures (MAT), cold month mean temperatures 

(CMMT), and a mean annual range of temperatures (MART) of MAT = 15°C, CMMT = 

10°C and MART = 10°C for the Bellingham Bay member and MAT = 16°C, CMMT = 

13°C and MART = 6°C for the Slide member (Mustoe et al., 2007). Leaf imprints from 

the Slide member (palms, tree ferns, taxodiaceous conifers, angiosperms) suggest a 

subtropical climate and dense rainforest vegetation with mean annual precipitation 

amounts of 1500-2500 mm (Mustoe, 2002). Additionally, animal tracks (webbed bird, 

small shorebird, and heron-like tracks, turtle tracks, plantigrade mammal tracks), 

preserved on bedding planes within the Slide member, indicate a shallow water/swamp 

environment and require moist, plastic sediment, partial drying of the surface and a 

subsequent rise in the water level. The preservation of Perissodactyl (probably early horse 

or tapiriod) tracks suggests dense vegetation (forest dweller) and Mustoe (2002) argues in 
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this case for a tapiriod, a low-land dwelling species that consume aquatic vegetation 

(Mustoe, 2002; Mustoe et al., 2007). Whereas the pollen analyses from the Padden 

member indicate a warm-temperate climate without palm and fern records but with rare 

lowland conifers. CLAMP analyses yield MAT = 12°C, CMMT = 3°C, and MART = 

18°C for the Padden member and thus, indicate a considerable colder and less equal 

climate compared to the Slide and Bellingham Bay members (Mustoe et al., 2007). This 

lead to the conclusion that the Slide and the Padden members were not 

contemporaneously deposited, revising the Chuckanut stratigraphy and basin fill 

thickness to ~9000 m (Fig. 21B) (Mustoe et al., 2007).  

7.1. Stable isotope data of the Chuckanut Formation 

We sampled the Chuckanut Formation at 4 different localities, comprising the Bellingham 

Bay member (Glacier and Lake Whatcom sections) and the Slide member (Canyon Creek 

and Slide Mountain sections).  

The Bellingham Bay member consists of alternating intervals of coarse-grained and fine-

grained units of ~2700 m (western basin) to ~3300 m (eastern basin) thickness. The base 

of the BBM rests unconformably on pre-Cenozoic rocks and marks the southern boundary 

of the Chuckanut outcrop belt. Provenance was from the east-northeast (Johnson, 1982). 

Alternating sediment cycles comprise a lower coarse-grained unit of arkosic sandstone 

and minor conglomerate and an upper fine-grained unit of mudstone, minor fine-grained 

sandstone, black shale, and coal. Ripples, rootlets, burrows, mottled horizons, and plant 

fossils are reported to be common in the fine-grained units (Johnson, 1982). These fining-

upward cycles likely represent meandering river systems and the basin-wide mixed 

meandering-channel and floodplain-channel sedimentation style suggests a low-gradient 

delta or coastal plain as depositional environment (Johnson, 1982). A dacit lithic-tuff bed 

close to the top of the BBM yielded a zircon fission-track (ZFT) age of 49.9 ±1.2 Ma and 

a maximum depositional age was estimated from the youngest detrital ZFT ages of ~55 to 

58 Ma (Johnson, 1982, 1984) and later confirmed by zircon U/Pb ages of ~57 Ma from 

the basal part of the member (McLean et al., 2009). These ages agree with palynological 

analyses, suggesting late Early to early Middle Eocene ages for the BBM. In addition, the 

lack of annealed zircon and apatite minerals indicate that burial temperatures were not 

exceeding ~120°C (Johnson 1982). We sampled the BBM close to Johnson’ composite 

reference section, located in the eastern part of the basin, south of the town of Glacier, 

and in the intermittently exposed part on Lake Whatcom Boulevard along the west shore 

of Lake Whatcom. 

The Slide member crops out in the northeastern part and consists of ~2000 m of east-

derived sediments. Similar to the BBM, fining-upward cycles of coarser-grained well-
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sorted arkosic sandstones and fine-grained units of mudstones, minor coal and sandstones 

dominate the sections. In general, Slide member deposits are finer-grained and thinner 

than in the BBM and conglomerate is largely absent (Johnson, 1982, 1984, 1991). The 

sandstone is typically ripple-laminated, trough cross-bedded, or flat laminated; rootlets, 

burrows, and mottled horizons are common, and organic matter and coal is abundant 

(Johnson, 1982, 1984; Mustoe et al., 2007). Depositional environments probably are a 

meandering rivers system and lakes, whereby the competence of the fluvial system 

decreased compared to the BBM. The age of the sediments is likely middle Eocene, since 

they overlie the BBM and interfinger with the Padden member (Johnson, 1982, 1984; 

however, see revised stratigraphy of Mustoe et al., 2007; Fig. 21B). Within the Slide 

member, we sampled two sections: One is located along the Canyon Creek Road, 

northwest of the town of Glacier, and the other on a logging road on the Slide Mountain, 

southeast of the town of Maple Falls. 

Altogether, we collected 56 samples of carbonate concretion and carbonate-cemented 

sand- to mudstone horizons at the 4 localities in the Chuckanut Basin. δ18Ocarbonate and 

δ
13Ccarbonate values range from 10.8 to 18.2 ‰ and -13.2 to 8.3 ‰, respectively, whereby 

significant differences exist between samples from the Bellingham Bay member and the 

overlying Slide member. Mean δ18Ocarbonate values of the Bellingham Bay member (16.0 

±1.4 ‰ at Lake Whatcom (n=4) and 17.6 ±0.2 ‰ at Glacier (n=10)) are ~4 ‰ higher 

than δ18Ocarbonate values of the Slide member with mean oxygen isotopic compositions of 

12.0 ±0.7 ‰ (Canyon Creek, n=18) and 12.6 ±0.9 ‰ (Slide Mountain; n=24) (Fig. 22 and 

Tab. 5; Appendix Tab. A6.10). Mean δ13Ccarbonate values of the Slide member samples are 

identical within errors with -0.6 ±3.7 ‰ (Canyon Creek, n=18) and 0.1 ±1.8 ‰ (Slide 

Mountain; n=24), whereas mean δ13Ccarbonate values of the BBM localities are significantly 

higher at the Lake Whatcom locality (4.4 ±2.8 ‰; n=4) and significantly lower at the 

Glacier locality (-8.9 ±2.1 ‰; n=10) (Fig. 22). This is best illustrated in the δ18Ocarbonate - 

δ
13Ccarbonate covariance plot, where samples from the Glacier locality cluster at high 

oxygen/low carbon isotopic compositions and are clearly distinct from the three other 

sampling localities (Fig. 22D). Subdivision into concretion and non-concretion samples 

indicates no differences between these two types of carbonate accumulations (Tab. 5).  

7.2. Remarks 

Several authors correlated the Swauk and the Chuckanut Formations (Tabor et al., 1982, 

and references in there) and Frizzell (1979) suggested that the Swauk and the Chuckanut 

Basins may have been coextensive units that were offset by the Straight Creek Fault 

(SCF), implying a total dextral offset of 160-190 km. This hypothesis is supported by 

middle Eocene drag folds in the Swauk Formation, tectonic slices and slivers of 
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Chuckanut/Swauk-like rocks in the SCF, and the presence of large fault-controlled basins 

in the SCF zone filled with Chuckanut/Swauk-like rocks (Johnson, 1982). From the 

isotopic perspective, it is difficult to deduce basin evolution histories. Indeed the oxygen 

isotope values of the Swauk and the Chuckanut Basins exhibit the same range; however, 

this isotopic range is very large and also covers isotopic values of other formations (Fig. 

23). Stable isotope data from Washington basin records (Fig. 23) suggest that the majority 

of samples experienced elevated temperature conditions or high water/rock ratios during 

carbonate formation in thermally altered groundwaters. Based on our findings in the 

Chumstick Basin (Chapter 5), it seems very likely, that local basin burial conditions 

dominate the isotopic record and hinder the direct statements about the regional basin 

evolution. However, we could show that by using clumped isotope, stable isotope, 

vitrinite reflectance and thermochronology data it is possible to deduce ancient 

groundwater isotope compositions. Thus, there is a great potential to apply this multi-

proxy approach to samples from the Swauk and Chuckanut basins in order to enlarge our 

knowledge about Paleogene groundwater compositions, which in turn, can be indicative 

of meteoric water compositions and groundwater sources. 
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Tables  

Tab. 1. Overview of sampling localities. 

Basin/Section Sample type comment coordinates  number 

of 

samples 
   Longitude (W) Latitude (N) 

MONTANA      

Sage Creek Basin      

Cook Ranch  Pedogenic carbonates Start of section  
End of section 

112°34.558 
112°34.494 

44°44.208 
44°45.284 n = 130 

Cook Ranch  Reworked ash  112°34.558 44°44.208 n = 1 

Upper Sage Creek Pedogenic carbonates  112°35.860 44°45.517 n = 7 

Upper Sage Creek Reworked ash  112°35.763 44°45.462 n = 1 

Lower Sage Creek Pedogenic carbonates  112°35.490 44°44.511 n = 5 

Lower Sage Creek Reworked ash  112°35.513 44°44.500 n = 1 

Muddy Creek Basin      

Section 2b and 2c * Pedogenic carbonates Start of section  
End of section 

112°50.154 
112°49.975 

44°40.112 
44°40.202 n = 146 

Section 2c * Volcanic ash 12-KM-509 112°49.990 44°40.220 n = 1 

Section 5 * Volcanic ash 12-KM-494 112°51.704 44°38.767 n = 1 

Section 5 * Volcanic ash 12-KM-495 112°51.534 44°39.013 n = 1 

Section 5 * Volcanic ash 12-KM-496 112°51.333 44°39.081 n = 1 

Kishenehn Basin      

Section 1 pedogenic carbonates Start of section  113°36.583 48°18.022 n = 68 

Section 2 lacustrine carbonates Start of section  
End of section 

113°40.369 
113°40.343 

48°22.303 
48°22.382 

n = 48 

WASHINGTON      

Chumstick Basin      

Blue Grade carbonate concretions 
and micritic carbonate 

 
120°17.521 47°28.268 n = 10 

Swauk Basin      

 Old Blewett Pass carbonate concretions Start of section  
End of section 

120°39.510 
120°39.196 

47°23.139 
47°22.396 

n = 56 

       
Red Bridge carbonate concretions Start of section  

End of section 

120°46.911 

120°46.920 

47°12.097 

47°12.084 n = 41 

Western Fork of 
Teanaway River 

carbonate concretions Start of section  
End of section 

120°55.954 
120°55.973 

47°15.726 
47°15.737 n = 9 

Middle Fork of 

Teanaway River 

carbonate concretions Start of section  

End of section 

120°55.563 

120°54.254 

47°16.969 

47°16.241 n = 14 

Roslyn carbonate concretions  120°39.196 47°22.396 n = 4 

Chuckanut Basin      

Lake Whatcom carbonate concretions Start of section  
End of section 

122°18.875 
122°18.896 

48°41.685 
48°41.675 n = 4 

Glacier carbonate concretions Start of section  

End of section 

121°55.222 

121°54.974 

48°51.435 

48°51.441 n = 13 

Canyon Creek carbonate concretions Start of section  
End of section 

121°58.353 
121°58.332 

48°54.946 
48°54.924 n = 18 

Slide Mountain carbonate concretions Start of section  

End of section 

122°02.062 

122°02.764 

48°53.077 

48°53.910 
n = 24 

*after Dunlap, D., 1982, Tertiary geology of the Muddy Creek basin, Beaverhead County, Montana. 

University of Montana, Missoula, p. 133. 



 

176 Chapter 6. Stable isotope records of Paleogene basins in western North America 

Tab. 2. Stable isotope data of the Cook Ranch member (Sage Creek Basin), grouped by 

lithologies. 

 δ
18O δ

13C CaCO3 
number of 

samples 
lithology mean StDev mean StDev mean StDev 

 [‰. VSMOW] [‰. VPDB] [%] 

Nodules 15.8 1.4 -4.0 1.2 46 7 n = 68 

Caliches 14.9 1.4 -3.6 1.0 40 7 n = 44 

Root casts/ 
Burrows 

16.4 1.0 -4.1 0.2 39 4 n = 6 

Siltstones/Matrix 14.9 1.7 -4.0 1.2 39 14 n = 5 

Concretions 16.8 0.8 -3.6 0.3 43 7 n = 7 

all samples 15.5 1.5 -3.9 1.1 43 8 n = 130 

 

Tab. 3. Stable isotope data of section 1 of the Kishenehn Basin, grouped by lithologies. 

 δ
18O δ

13C CaCO3 number of 

samples 
lithology mean StDev mean StDev mean StDev 

 [‰. VSMOW] [‰. VPDB] [%] 

Section 1        

Burrows 18.2 0.3 -5.1 0.3 7 5 n = 4 

Nodules 17.1 0.7 -5.3 1.1 42 27 n = 8 

Sandstones 14.6 2.6 -4.9 1.1 15 5 n = 11 

Siltstones 15.5 2.7 -4.8 1.2 15 8 n = 10 

Mudstones/Marls 17.4 2.4 -4.4 1.5 15 17 n = 34 

all samples 16.7 2.6 -4.6 1.4 17 18 n = 68 

Section 2        

Paper shales 21.4 1.5 5.4 2.4 28 8 n = 25 

Mudstones 21.0 1.9 6.0 2.5 28 8 n = 22 

all samples 21.3 1.7 5.8 2.6 29 11 n = 47 

 

Tab. 4. Stable isotope data of the Swauk Basin, grouped by lithologies. 

 δ
18O δ

13C CaCO3 number of 

samples 
lithology mean StDev mean StDev mean StDev 

 [‰. VSMOW] [‰. VPDB] [%] 

Swauk Fm.        

Concretions 13.5 1.4 -4.9 5.3 21 8 n = 6 

Sandstones 11.9 1.1 -9.3 0.9 6 1 n = 47 

all samples 13.3 1.5 -5.4 5.2 20 9 n = 53 

Roslyn Fm.        

Ronald 8.3 1.6 -6.7 3.3 20 5 n = 4 

Red Bridge 13.4 2.7 -12.8 2.4 26 6 n = 41 

Western Fork 10.0 2.0 -11.8 5.2 14 7 n = 9 

Middle Fork 10.4 1.7 -17.5 3.5 20 5 n = 12 

all samples 12.0 3.0 -13.1 4.1 22 7 n = 69 
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Tab. 5. Stable isotope data of the Chuckanut Basin, grouped by lithologies. 

 δ
18O δ

13C CaCO3 number of 

samples 
lithology mean StDev mean StDev mean StDev 

 [‰. VSMOW] [‰. VPDB] [%] 

Bellingham Bay 

member 
       

Lake Whatcom  16.0 1.4 4.4 2.8 35 31 n = 4 

Glacier 17.6 0.2 -8.9 2.1 54 24 n = 10 

all samples 17.1 1.1 -5.1 6.5 49 28 n = 14 

Slide member.        

Canyon Creek  12.0 0.7 -0.6 3.7 10 8 n = 18 

Slide Mountain 12.6 0.9 0.1 1.8 16 9 n = 24 

all samples 12.3 0.9 -0.2 2.8 13 9 n = 42 
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Figures 

 

 

 

Fig. 1. Topographic map of the western United States, showing the sampling localities of 

field seasons 2011 and 2012 in Washington (Chuckanut, Swauk, and Chumstick basins) 

and Montana (Sage Creek, Muddy Creek and Kishenehn basins).  
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Fig. 2. (A) Simplified geological map of southwestern Montana (MT) and adjacent Idaho 

(ID), USA (after Janecke, 2007). Abbreviations for basins (yellow shading) and faults: 

GB = Grasshopper Basin, HPB = Horse Prairie Basin, MMLB = Montana Medicine 

Lodge Basin, SCB = Sage Creek Basin, MCB = Muddy Creek Basin, NCB = Nicolia 

Creek Basin; MLF = Meriwether Lewis Fault, MGF = Muddy-Grasshopper Detachment 

Fault, BTF = Blacktail Fault, MPF = Maiden Peak Fault, MF = Monument Hill Fault, 

RRF = Red Rock Fault, DF = Deadman Fault, BF = Beaverhead Fault. (B) Geological 

map of southwestern Montana, USA. Yellow boxes mark the sampling locality of the 

upper and lower units of the Sage Creek Formation and the Cook Ranch member 

(modified after Lonn et al., 2000).  
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Fig. 3. 40Ar/39Ar geochronology results. (A-C) Age spectra from a reworked tuffaceous 

ash bed from the upper unit of the Sage Creek Formation: spectrum A (11KM-090.2) 

shows a major component of a ~49-Ma-old biotite population, whereas spectrum B 

(11KM-090.3) has an age of 56.2 ±3.1 Ma (over 98 % of released 39Ar). Spectrum C 

(11KM-090.1) is consistent with a mixture of a 49-Ma-old population and a 56-Ma-old 

population. (D) A 43.1 ±0.8 Ma age spectrum is derived from a reworked tuffaceous bed 

at the base of the Cook Ranch section. Thus, this age gives a maximum age of the section, 

which is in agreement of paleomagnetic and biostratigraphic results from this section 

(Tabrum et al., 1996).  
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Fig. 4. (A) Oxygen isotope (δ18O in ‰ against VSMOW), (B) carbon isotope (δ13C in ‰ 

against VPDB) and (C) carbonate content (in %) data of the upper and lower unit of the 

Sage Creek Formation. (D) Covariance plot of oxygen and carbon isotopic values of the 

upper and lower unit of the Sage Creek Formation. 
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Fig. 5. δ18O (‰, VSMOW) and δ13C (‰, VPDB), and carbonate content (%) data of 

pedogenic carbonates from the Cook Ranch member. Color key according to lithologies, 

whereby pedogenic nodules and caliches are most abundant.  
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Fig. 6. (A) Oxygen isotope (δ18O in ‰ against VSMOW), (B) carbon isotope (δ13C in ‰ 

against VPDB), and (C) carbonate content (in %) data of the Cook Ranch member 

samples subdivided according to lithologies. Diamonds = single value, circle = mean 

value, error bars of mean values = standard deviation. (D) Plot shows the covariance of 

δ
18O (‰, VSMOW) and δ13C (‰, VPDB) values of pedogenic carbonates of the Cook 

Ranch section.  
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Fig. 7. Simplified geological map of the Muddy Creek Basin, adapted from Dunlap 

(1982). V1 to V3 mark the sampling localities of volcanic material, at V3 zircon U/Pb 

dating yielded an age on 46.2 ±0.2 Ma (W. Dörr, pers. communication, 2014). Section 

No.2 has been described by Dunlap (1982) and sampled for pedogenic carbonate nodules. 
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Fig. 8. δ18O (‰, VSMOW) and δ13C (‰, VPDB), and carbonate content (%) data of 

pedogenic carbonates from the Muddy Creek Basin.  
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Fig. 9. Plot shows the covariance of δ18O (‰, VSMOW) and δ13C (‰, VPDB) values of 

pedogenic carbonates from the Muddy Creek Basin.  
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Fig. 10. Compilation of (A) oxygen isotope (δ18O in ‰, VSMOW) and (B) carbon 

isotope (δ13C in ‰, VPDB) values and carbonate content (%) data of the Sage Creek and 

the Muddy Creek basins. Note that there appears to be a general correlation with 

decreased mean δ18Ocarbonate, increased mean δ13Ccarbonate, and decreased carbonate content 

values. 



 

 

 

 

 

 

 

 

 

 

Fig. 11. Geological map and cross section of the Kishenehn Basin. (A) Simplified 

geological map of the Kishenehn Basin, adapted from Constenius et al. (1989). 

Boxes 1 and 2 mark the sampling localities; black circle indicates the sampling 

locality of the dated tuff bed (Constenius, 1996; Constenius et al., 1989). (B) 

Simplified stratigraphic cross section of the Kishenehn Basin in the Middle Fork 

region of the Flathead River, adapted from Constenius et al. (1989).  
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Fig. 12. δ18O (‰, VSMOW), δ13C (‰, VPDB) and carbonate content (%) data of (A) the 

fluvial/pedogenic section of the Kishenehn Formation (1. section; Park Creek locality) 

and (B) the lacustrine section of the Kishenehn Formation (2. Section; Tunnel Creek 

locality).  
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Fig. 13. (A) Oxygen isotope (δ18O in ‰ against VSMOW), (B) carbon isotope (δ13C in 

‰ against VPDB) and (C) carbonate content (in %) data of the Kishenehn Formation (1. 

Section; Park Creek locality), grouped according to sample lithology. Diamonds = single 

value, circle = mean value, error bars of mean values = standard deviation. (D) 

Covariance plot of δ18O (‰, VSMOW) and δ13C (‰, VPDB) values of the 

fluvial/pedogenic samples from the Kishenehn Formation (1. section; Park Creek 

locality). 
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Fig. 14. Plot shows the covariance of δ18O (‰, SMOW) and δ13C (‰, PDB) values of the 

lacustrine section (2. section; Tunnel Creek locality). Interestingly, the carbon isotope 

values are exclusively positive and rather suggest a high degree of isotopic exchange with 

atmospheric CO2 typically found in hydrologically closed lake systems (e.g., Leng and 

Marshall, 2004). This agrees well with the elevated δ18Ocarbonate values resulting from 

increased evaporation in those lakes. 
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Fig. 15. Distribution map of the Wenatchee Formation around the town of Wenatchee, 

modified after Gresens et al. (1981). Gresens (1980) and Gresens et al. (1981) 

distinguished sandstones west of Wenatchee as either Swauk Formation (due to absence 

of K-feldspar, chloritization of biotite, and steepness of dips), Chumstick Formation, or 

Nahahum Canyon member, whereas Tabor et al. (1982a) argued that Swauk-like 

sandstones are similar to quartz dioritic debris flows or mud flows being interbedded with 

Chumstick feldspathic subquartzose sandstones. Based on this and the revised 

stratigraphy of Evans (1988, 1994), I included all lithologies to be Chumstick Formation, 

whereby the “Nahahum Canyon member” likely reflects the younger, unaltered portion of 

the Chumstick Formation in the vicinity of the Wenatchee intrusive. Zircon and apatite 

fission track (ZFT/AFT) ages (stars) are adapted from Gresens et al. (1981). Sampling 

location was the Blue Grade locality (top right).   
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Fig. 16. δ18Ocarbonate (‰, VSMOW), δ13Ccarbonate (‰, VPDB) and carbonate content (%) 

data from Wenatchee Formation (Blue Grade locality). Diamond represent single values; 

circles are mean δ18Ocarbonate values. 

 



 

 

 

 

Fig. 17. (A) Simplified geological map of the Swauk Basin. The basin record comprises the early Eocene Swauk Formation, the Teanaway 

Formation and the early Eocene Roslyn Formation. Sampling localities are: (1) Old Blewett Pass Road (Swauk Formation), (2) Ronald, (3) Red 

Bridge, (4) Middle Fork of the Teanaway River, and (5) Western Fork of the Teanaway River (localities 2-5 all belong to the Roslyn Formation). 

(B) Stratigraphic column of the Swauk Basin, adapted from Tabor et al. (2000), including age constraints for the Swauk, Teanaway and Roslyn 

formations. 
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Fig. 18. (A) Oxygen isotope (δ18O in ‰ against VSMOW), (B) carbon isotope (δ13C in 

‰ against VPDB), and (C) carbonate content (in %) data of the Swauk Formation 

grouped according to sample lithology. All samples were collected along the Old Blewett 

Pass Road and shown here for the different stops at small-sized outcrops. Specific 

coordinates are included in the data table in the Appendix (Tab. A6.8). Diamonds = single 

value, circle = mean value, error bars of mean values = standard deviation. (D) Plot 

shows the covariance of δ18O (‰, VSMOW) and δ13C (‰, VPDB) values of samples 

from the Swauk Formation. 
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Fig. 19. (A) Oxygen isotope (δ18O in ‰ against VSMOW), (B) carbon isotope (δ13C in 

‰ against VPDB), and (C) carbonate content (in %) data of the Roslyn Formation at four 

different sampling localities. Coordinates and stratigraphic relations are given in the 

Appendix Tab. A6.9. Diamonds = single values, circle = mean value, error bars of mean 

values = standard deviation. (D) Plot shows the covariance of δ18O (‰, VSMOW) and 

δ
13C (‰, VPDB) values of samples from the Roslyn Formation. Samples from the “Red 

Bridge” locality form distinct clusters. Samples from the “Ronald”, Middle and West 

Fork of Teanaway River localities exhibit a high δ18Ocarbonate - δ
13Ccarbonate covariance with 

positive slopes and R2 values between 0.79 to 0.98. 
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Fig. 20. Stable isotope (δ18O, ‰, VSMOW; δ13C, ‰, VPDB), and carbonate content (%) 

record of the “Red Bridge” sampling locality (middle Roslyn Formation). Note the 

distinct “fix” values for δ18Ocarbonate with mean values of 8.0 ±0.3 ‰ (n=4), 12.1 ±0.4 ‰ 

(n=21), and 16.4 ±0.3 ‰ (n=16) and for δ13Ccarbonate values with means of -10.6 ±0.7 ‰ 

(n=22) and -15.3 ±0.7 ‰ (n=19). 

 



 

 

 

 

Fig. 21. (A) Northern outcrop belt of the Chuckanut Formation, adapted from Johnson (1984) and Mustoe et al. (2007). Stars indicate sampling 

locations. (B) The stratigraphic columns are adapted from Johnson (1982) and Mustoe et al. (2007). 

 



 

 

199 Figures 

 

 

 

 

 

Fig. 22. (A) Oxygen isotope (δ18O in ‰ against VSMOW), (B) carbon isotope (δ13C in 

‰ against VPDB), and (C) carbonate content (in %) data of the four sampling localities 

of the Chuckanut Basin. Coordinates and stratigraphic relations are given in the Appendix 

Tab. A6.10. Diamonds = single values, circle = mean value, error bars of mean values = 

standard deviation. (D) Plot shows the covariance of δ18O (‰, VSMOW) and δ13C (‰, 

VPDB) values of the four sampling localities in the Chuckanut Basin. 
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Fig. 23. Compilation of (A) oxygen isotope (δ18O in ‰ against VSMOW) and (B) carbon 

isotope (δ13C in ‰ against VPDB) values of Washington basin records.
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Chapter 7 

Summary and Conclusion  

 

 

This work aims to enlarge our knowledge about the spatial and temporal development 

of topography and relief in the western North American Cordillera during the early 

Cenozoic. I focus on the reconstruction of paleotopography and climate dynamics of the 

western United States during the Eocene. The topography of the Earth’s surface is a 

major part in Earth Sciences as it is a first-order expression of tectonic and geophysical 

processes of the Earth’s crust and mantle and at the same time, influences climatic 

processes and atmospheric circulation and precipitation patterns.  

The latter is used by paleoaltimetry studies (reconstruction of paleoelevations and 

paleotopography) based on oxygen and hydrogen isotopes in precipitation (O, H): Once 

an air mass ascends along a mountain slope, cools adiabatically and condensates until 

clouds form and rainout occurs (orographic precipitation), the isotopic composition of the 

precipitation changes systematically. During condensation of moisture Rayleigh 

fractionation processes mainly control the systematic decrease of the ratio between heavy 

isotopes (18O and 2H) and light isotopes (16O, H) with increasing elevation (expressed in 

δ-notation: δ18O and δ2H). By analyzing suitable geological proxy materials, which 

incorporate the isotopic signature of precipitation during mineral formation or hydration 

processes, the δ18O value of precipitation (δ18Oppt) can be reconstructed for geological 

times. The ascertained δ18Oppt values in turn can be related to empirically and 

theoretically determined isotopic lapse rates (stable isotope-elevation relationships) to 

ultimately reconstruct past elevation (changes).  

Due to a high complexity of different climatic, topographic and/or diagenetic effects on 

proxy δ18Oppt values, stable isotope-based paleoaltimetry studies need sufficient 

knowledge or estimations of the magnitudes of these effects. Climatic variations such as 

changes of (large-scale) atmospheric circulation patterns, global/regional temperatures, or 

isotopic lapse rates can strongly influence δ18Oppt values, dependent as well as 

independent of topographic changes. In addition, studies that investigate the role of biotic 

factors like vegetation cover and evapotranspiration patterns gain increasing attention and 

find significant impacts of these parameters on stable isotopes in precipitation patterns 

(Mix et al., 2013; Winnick et al., 2014).  
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Another complex case is the development of a plateau region, because on the one hand 

the mean elevation of the region changes (topographic component) and on the other hand 

the presence of the plateau itself changes regional (to some extent global) 

paleoenvironmental conditions such as temperature, precipitation and vegetation (climatic 

component) (c.f., Ruddiman und Kutzbach, 1989 and Chapter 1.2.-Paleoaltimetry).  

Therefore, the paleoclimatic evolution of the North American continental interior is 

equally important as its topographic evolution. A successful new method to determine 

formation temperatures of (secondary) carbonates and to obtain paleoclimatic information 

is the carbonate clumped isotope (∆47) (paleo-)thermometry. This approach is based on 

systematic ordering (“clumping”) of rare, heavy isotopes of oxygen and carbon (13C, 18O) 

in the carbonate crystal lattice. This processes exclusively scales with temperature 

(equilibrium reaction) such that the abundance of 13C-18O bonds decreases with 

increasing temperature. This is expressed in the ∆47-notation, which gives the abundance 

of 13C-18O bonds in the sample (measured on CO2 after acid digestion of carbonate) 

compared to a stochastic distribution of the isotopes. This method holds the great 

potential to simultaneously, but independently determine mineral formation temperatures 

and δ18O values of the mineral, which in turn allows calculation of the isotopic 

composition of the fluid from which the carbonate precipitated. This permits 

disentangling at least some complexities between climate and topography that commonly 

affect terrestrial oxygen isotope records (c.f., Chapter 1.4-Carbonate clumped isotope 

(∆47) (paleo-)thermometry).  

Using these methods and the results of geochronology, sedimentology, and 

paleoenvironmental studies, I investigate paleotopography and climate dynamics of the 

North American Cordillera during the Eocene (~56-34 Ma) and intend to distinguish 

paleoclimate signals from tectonic signals in stable isotope records. 

I focus on three major objectives: 

1.) Extending the coverage of oxygen isotope maps (Mix et al., 2011; Chamberlain et 

al., 2012) in the Pacific Northwest. These maps show time-binned isotopic proxy 

records of precipitation across the western United States during the Cenozoic. 

They help to reconstruct paleotopography and to evaluate different hypotheses 

about the Early Cenozoic topographic configuration of the North American 

Cordillera. These hypotheses include (a) the rise of dynamic topography during 

the Eocene (Humphreys, 1995), which results in a change from a low relief 

moderately high plateau to one of higher elevation (SWEEP model after Mix et 

al., 2011) and (b) the collapse of a low relief, high elevation plateau to one with 
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higher relief, but lower mean elevation (DeCelles, 2004; Molnar and England, 

1990). 

2.) Sampling a W-E transect at approximately 45°N, spanning the Washington 

Cascades to central/southwestern Montana, in order to track western-derived air 

masses from the Pacific Ocean towards the continental interior. This aims to 

distinguish between climatically and tectonically induced signals in the stable 

isotope records and helps to constrain the W-E extent of the posited Eocene 

plateau. It allows a direct coast-continent comparison (δ-δ approach, Mulch, in 

print) and the investigation of continentality, aridity, moisture recycling over the 

continent as well as rain shadow effects of mountain ranges. Special focus lies on 

the Washington Cascades and Costal Mountains and their effect on inland 

precipitation patterns during the Early Cenozoic (potential rain shadow effects?) 

as these ranges block Pacific-derived air masses today.  

3.) Sampling terrestrial proxy records that span the Middle Eocene Climatic Optimum 

(MECO). This short-term global climate warming approximately 40 Ma ago has 

been described in the marine realm but is poorly constraint in terrestrial settings. 

The archiving of a MECO signal in a terrestrial stable isotope record may allow 

distinguishing between a “background climate” and “MECO climate” state, which 

in turn allows relating isotopic changes to changes in (1) global/regional 

temperature conditions, (2) the hydrological cycle and/or atmospheric circulation 

patterns, and (3) long-term, large-scale topography. 

In order to achieve these aims, I collected stable isotope (δ18O, δ2H, δ13C) and ∆47 

(paleo)temperature records from several Eocene terrestrial settings (~50-34 Ma) in the 

Pacific Northwest (Washington) and the North American continental interior (Montana, 

Nevada, Utah). 

Based on stable isotope measurements of soil carbonates from stacked paleosols in the 

Sage Creek Basin (Montana, USA) and lacustrine carbonates sequences (Elko Basin, 

Nevada, USA), together with geochronological data from these sediments, significant 

impacts of the MECO climate warming were detected in the terrestrial realm (Chapter 2 

and 3). Soil carbonate ∆47 temperatures of the middle Eocene Dell Beds (Sage Creek 

Basin, Montana) show a temperature increase of 9°C and, after reaching peak 

temperatures of ~32°C, a subsequent temperature decrease of 11°C; all within a very 

short time interval. This temperature excursion of +9/-11°C in 40-Ma-old paleosols 

follows the marine temperature curve and is associated with low δ18O values and low 

carbonate contents of these soils. This is consistent with altered atmospheric circulation 

patterns, now bringing isotopically depleted moisture to the American continental 

interior, and suggest rather (sub-)humid and warm climate conditions prevailing during 
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this global warming event (Chapter 2). Combined δ18O, δ13C, 87Sr/86Sr data sets, 

recovered from lacustrine sediments of the Elko Basin, show a long-term tectonic signal 

(Earth surface uplift) as well as a short-term, climatic signal, coincident with the MECO. 

The long-term decrease of lake water δ18O values has been interpreted as a surface uplift 

signal, whereas the rapid temporary decrease in δ18O values suggests a strengthening of 

monsoonal summer rainfall on the eastern flanks of the North American Cordillera 

(Chapter 3). These studies are well in line as both indicate a northward shift of the North 

American monsoon system during the MECO and suggest that global climate 

perturbations such as the MECO may have a significant control over the isotopic 

composition of local precipitation.  

These results, however, have implication for the usage of stable isotopes as paleoaltimetry 

proxies, because large isotopic shifts (up to ~6 ‰) occur over very short time intervals 

and low δ18Oppt values are associated with warm climate conditions and monsoonal 

precipitation, respectively. Any low δ18Oppt values, thus, can either be related to global 

warm temperatures or to regional/local high elevations and surface uplift events. 

Therefore, it is important to avoid “snap-shot” isotopic records, but instead use long-term 

records that cover time intervals (over tectonic time scales) or that display significant 

multiple non-unidirectional shifts. The low-δ18Oppt/high-temperature relationship implies 

that the temperature effect, where δ18Oppt scales with mean annual temperature as today 

observed in mid-latitudinal settings, might not hold true for mid-latitudinal high-elevation 

(plateau?) settings in the Eocene. Most likely, the isotopic amount effect (low δ18Oppt 

associated with high precipitation amounts), which today dominates in low latitudinal 

and/or monsoonal settings, obscured the temperature effect on δ18Oppt values. Thus, 

careful investigations of the different climatic effects on δ18Oppt records are mandatory 

before conducting paleoaltimetry reconstructions. 

How prone an isotopic record is to climatically induced changes also depends on the 

integration time of the proxy material used (duration of proxy formation). Whereas 

pedogenic carbonates often record the isotopic signal of soil water over 100 to 1000 years 

(Breecker et al., 2009), hydrous minerals in mylonitic shear zones of metamorphic core 

complexes have the advantage that short-term climatic fluctuations are typically averaged 

out of the isotopic signal of the fluid, with which the mineral isotopically exchanges 

during deformation (deformation time intervals of 104-106 yrs; Mulch and Chamberlain, 

2007). The hydrogen isotopic record of Eocene white micas (~45 to 40 Ma) from the Raft 

River shear zone (Utah, USA) reveals that the fluids, circulating in the shear zone during 

active deformation phases, were derived from the Earth surface (meteoric isotope 

signature; Chapter 4). This documents active shearing along the Raft River shear zone 

during the Eocene and thus, an Eocene extensional phase, clearly pre-dating the Miocene 
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“Basin and Range” extensional phase in the core complex. Further, the long-term isotopic 

signal complements other middle Eocene proxy data from this region (c.f., Elko Basin 

(Chapter 3) and δ18Oppt maps (Chamberlain et al., 2012)), and supports stable isotope-

based studies that describe mid-Eocene high elevations in the western United States (e.g., 

Chamberlain et al., 2012; Horton et al., 2004). 

Paleogene stable isotope records from extensional strike-slip basins in the Pacific 

Northwest (central and western Washington, USA) substantially contribute to objectives 

#1 and #2 and thus, to our understanding of the topographic evolution of the Pacific 

Northwest and the early Cascade Range, respectively. However, the sediments of the 

sampled basins appeared to be diagenetically altered and the δ18O values of the analyzed 

groundwater carbonates of the Chumstick (Chapter 5), Swauk, and Chuckanut basins 

(Chapter 6) lack direct paleofluid δ18O information due to high temperature conditions 

while carbonate formation. This is insofar critical for paleoaltimetry reconstructions as 

diagenesis typically lowers the δ18Ocarbonate values, which in turn can lead to an 

overestimation of paleoelevations.  

Nevertheless, the combination of stable isotopes, clumped isotope temperatures, modeled 

vitrinite reflectance temperatures, and low-T thermochronology data enables 

determination of the basin’s burial and exhumation history, as well as the degree of 

diagenesis and thus, allowed quantification of diagenetic effects on the oxygen isotope 

record (Chapter 5). This permits the reconstruction of δ18Oppt values of -7 ‰ to -9 ‰, 

which are well in the range of modeled Eo-/Oligocene δ18Oppt values along the Pacific 

coast of Washington/Oregon (-8 ‰ to -10 ‰; Feng et al., 2013). Thus, the reconstructed 

values correspond to oxygen isotopic compositions of near-coastal rainfall and therefore, 

preclude an Eo-/Oligocene rain shadow effect of the ancient Washington Cascade Range. 

This in turn implies that the ancient Cascades were not present as a prominent mountain 

range (at least not at the modern location with the Chumstick Basin in the lee of the 

Cascades). Equally unlikely seems the presence of an ancient Cascade Range forming a 

“ramp” to a high elevation plateau in the Sevier hinterland (with the Chumstick Basin on 

top of the posited plateau). In both cases decreased δ18Oppt values in the Chumstick Basin 

would have been expected due to orographic rainout effects upstream of the basin. 

Instead, the Chumstick Basin was most likely located at moderate elevations and close to 

the Pacific Ocean. If mountains to the east of the basin, from which local sediments have 

been derived, formed the edge of an Eocene plateau or were only local ranges/uplifts 

remains speculative at this point.  

Except for the Raft River shear zone farther south, all study sites lie on a W-E transect 

(~48° N to ~44° N), spanning the Washington Cascades to central/southwestern Montana, 

and are following major modern atmospheric circulation patterns over the western United 
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States (c.f., Fig. 3b in Chapter 1). Assuming that (1) Eocene large-scale atmospheric 

circulation patterns and isotopic lapse rates were roughly similar to modern-day ones, and 

that (2) short-term climatic fluctuations potentially influencing the isotopic signal of the 

proxy material were average out and/or can be quantified, changes in the isotopic 

composition of precipitation along the transect can be traced. This will provide essential 

information about large-scale topography (since it enables a coast-continent comparison) 

and moisture recycling/mixing while air masses travel across the North American 

continent (e.g., Winnick et al., 2014). 

In conclusion, analyses of stable isotopes in precipitation provide valuable information 

about different climatic and tectonic/topographic parameters. Since, climate and tectonics 

strongly influence the hydrological cycle of the planet, it is indispensable to gain as much 

information as possible about the (past) climate-topography-hydrology system in order to 

improve climate predictions, calibrate climate models, and assess biodiversity, 

environmental, and climatological changes. Paleoaltimetry acts at the interface of 

mountain building, climatic and Earth surface processes and thus, is a fundamental part in 

Earth Sciences when discussing the interplay between climate and topography. 
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Chapter 8 

Zusammenfassung und Schlussfolgerung 

 

Die vorliegende Arbeit zielt darauf ab, unser Wissen über die räumliche und zeitliche 

Entwicklung von Topographie und Relief der westlichen nordamerikanischen 

Kordilleren während des frühen Känozoikums zu erweitern. Der Fokus liegt dabei auf 

der Rekonstruktion der Paläotopographie und Klimadynamik der westlichen Vereinigten 

Staaten von Amerika während des Eozäns. Die Topographie der Erdoberfläche ist ein 

wichtiger Bestandteil der Geowissenschaften, da sie zum einen ein Ausdruck tektonischer 

und geophysikalischer Prozesse in der Erdkruste und im Erdmantel ist, zum anderen 

klimatische Prozesse steuert und Atmosphärenzirkulations- und Niederschlagsmuster 

beeinflusst.  

Letzteres macht sich die Paläoaltimetrie (Rekonstruktion von Paläo-Höhen und Paläo-

Topographie) mittels der Analyse stabiler Isotope des Sauer- und Wasserstoffs (O, H) im 

Niederschlag zunutze: Wenn Luftmassen entlang eines Berghangs aufsteigen, adiabatisch 

abkühlen, dabei Wasserdampf kondensiert und es zur Wolkenbildung bis hin zum 

Abregnen der Wolke kommt (orographischen Niederschlag), verändert sich systematisch 

die isotopische Signatur des Niederschlags. Rayleigh‘sche Fraktionierungsprozesse 

während der Kondensation vom Wasserdampf kontrollieren maßgeblich die 

systematischen Abnahme des Verhältnisses vom schweren (18O, 2H) zum leichten 

Isotopen (16O, H) mit zunehmender Höhe (angegeben in der „δ-Notation“: δ18O und δ2H). 

Durch die Analyse geeigneter geologischer Proxy-Materialien, die das Isotopensignal des 

Niederschlags während der Mineralbildung oder Hydration eingebaut haben, können 

δ
18O-Werts des Niederschlags (δ18Oppt) für die Vergangenheit rekonstruiert werden. 

Werden die ermittelten Werte dann mit theoretischen und empirischen Isotopen-Höhen-

Gradienten in Beziehung gesetzt, können Paläohöhen(-änderungen) ermittelt werden.  

Aufgrund einer hohen Komplexität von verschiedenen klimatischen, topographischen, 

und/oder diagenetischen Effekten auf die δ18O-Werte der Proxymaterialien, benötigt man 

jedoch ausreichende Kenntnisse bzw. Abschätzungen dieser Effekte in der 

Vergangenheit. Klimatische Veränderungen wie beispielsweise Änderungen von 

(großräumigen) Zirkulationsmustern, globale/regionale Temperaturen oder 

Isotopengradienten können die δ18Oppt-Werte sowohl unabhängig als auch abhängig von 

topographischen Änderungen stark beeinflussen.  
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Immer mehr im Fokus stehen auch Studien, die sich mit der Rolle von biotischen 

Faktoren wie Vegetations- und Evapotranspirationsmustern befassen und die zeigen 

konnten, dass diese signifikante Auswirkungen auf Isotopie des Niederschlags haben 

können (Mix et al., 2013; Winnick et al., 2014). Ein besonders komplexer Fall ist zudem 

die Entstehung von Plateauregionen (Hochebenen), da sich einerseits die mittlere Höhe 

einer Region ändert (topographische Komponente), und andererseits die Präsenz des 

Plateaus die regionalen (z.T. auch die globalen) Umweltbedingungen wie Temperatur, 

Niederschlag und Vegetation verändert (klimatische Komponente) (vgl. Ruddiman und 

Kutzbach, 1989 und Kapitel 1.2.-Paleoaltimetry).  

Daher steht die paläoklimatische Entwicklung des nordamerikanischen kontinentalen 

Hinterlands genauso im Mittelpunkt dieser Arbeit wie die topographische Entwicklung. 

Eine erfolgreiche neue Methode, die Bildungstemperaturen von (sekundären) Karbonaten 

und damit paläoklimatische Informationen zu erlangen, ist die Karbonat-“clumped 

isotope” (∆47) (Paläo-)Thermometrie. Diese Methode basiert auf der systematischen 

Anordnung („zusammenklumpen“) der schweren Sauerstoff- und Kohlenstoffisotope 

(13C, 18O) im Karbonat-Kristallgitter. Dies ist allein von der Temperatur abhängig 

(Gleichgewichtsreaktion), so dass die Häufigkeit von 13C-18O Bindungen sinkt mit 

steigender Temperatur. Dargestellt wird dies als ∆47-Wert, welcher die Häufigkeit von 
13C-18O Bindungen in der Probe (gemessen an CO2 nach einem Karbonat-

Säureaufschluss) gegenüber einer stochastischen Verteilung der Isotope angibt. Diese 

Methode besitzt das große Potential einer gleichzeitigen, dennoch voneinander 

unabhängigen Bestimmung von Mineralbildungstemperaturen und der Sauerstoffisotopie 

des Minerals, welche Rückschlüsse auf die Isotopie des Fluides, aus dem das Karbonat 

ausfällt, erlaubt. Dies ermöglicht daher zumindest einige Komplexitäten, hervorgerufen 

durch das Zusammenspiel von Klima und Topographie, zu entwirren (vgl., Kapitel 1.4.-

Carbonate clumped isotope (∆47) (paleo-)thermometry).  

Mittels dieser Ansätze sowie der Ergebnisse aus geochronologischen, sedimentologischen 

und paläoökologischen Studien, habe ich die Paläotopographie und Klimadynamik der 

nordamerikanischen Kordilleren während des Eozäns (~56-34 Mio. Jahre) untersucht und 

versucht, die paläoklimatischen und tektonischen Signale in Sauerstoffisotopenkurven 

besser voneinander zu unterscheiden.  

Im Fokus standen drei Hauptziele:  

1.) Die Erweiterung von Sauerstoffisotopenkarten (Mix et al., 2011; Chamberlain et 

al., 2012) im Bereich des Pazifischen Nordwesten. Diese Karten zeigen zeitlich 

gruppiert die Proxydaten der Isotopie des Niederschlags über den westlichen 

Vereinigten Staaten während des Känozoikums. Sie dienen der Topographie-

Rekonstruktion und der Evaluierung unterschiedlicher Hypothesen über die 
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topographische Entwicklung der nordamerikanischen Kordillera. Diese Hypothesen 

beinhalten a) die Zunahme von dynamischer Topographie während des Eozäns 

(Humphreys, 1995), welche ein Plateau intermediärer mittlerer Höhe 

(Durchschnittshöhe) mit geringem Relief zu einem Plateau von größerer Höhe 

anwachsen lässt (SWEEP Model nach Mix et al., 2011) und b) den Zerfall eines 

Plateaus großer Höhe mit geringem Relief zu einem mit höherem Relief, aber 

geringerer mittlerer Höhe (DeCelles, 2004; Molnar und England, 1990).  

2.) Die Beprobung eines West-Ost-Transekts (ca. 45°N), welches sich von der 

Washingtoner Kaskadenkette bis nach Montana erstreckt, um aus dem Westen 

kommende pazifische Luftmassen zu verfolgen. Dies zielt darauf ab, zwischen 

klimatisch- und topographisch-induzierten Signalen in Isotopendatensätzen zu 

unterscheiden und unterstützt die Untersuchung der West-Ost-Erstreckung des 

postulierten Eozänen Plateaus. Es erlaubt einen direkten Küsten-Inland-Vergleich (δ-δ 

Ansatz, Mulch, im Druck) und die Untersuchung von Kontinentalität, Aridität, 

Wasserrecycling über dem Inland sowie Regenschatteneffekten hinter Gebirgsketten. 

Besonderer Aufmerksamkeit lag hierbei auf den Washingtoner Kaskadenkette sowie 

den „Coastal Mountains“ und deren Effekte auf die Niederschlagsmuster im 

amerikanischen Inland während des frühen Känozoikums (potentielle 

Regenschatten?), da diese heute vom Pazifik kommende Luftmassen blockieren.  

3.) Beprobung von Sedimentprofilen, die zeitlich das „Klima-Optimum des mittleren 

Eozäns“ (Middle Eocene Climatic Optimum (MECO)) umfassen. Diese kurze, globale 

Klimaerwärmung vor ~40 Mio. Jahren ist aus dem marinen Umfeld bekannt, jedoch im 

terrestrischen Milieu kaum beschrieben. Die Archivierung eines MECO-Signals in den 

Isotopendaten terrestrischer Sedimente könnte es ermöglichen zwischen einem 

“Hintergrundklima” und einem “MECO-Klima” zu unterscheiden. Dies wiederum 

würde es erlauben, die etwaigen Veränderungen in den Isotopendaten 

unterschiedlichen Ursachen zuzuordnen wie beispielsweise (a) globalen/regionalen 

Temperaturänderungen, (b) Änderungen im hydrologischen Kreislauf und/oder der 

Atmosphärenzirkulation, oder (c) langwierigen topographischen Veränderungen.  

Um diese Ziele zu erreichen, habe ich Datensätze stabiler Isotope (δ18O, δ2H, δ13C) und 

∆47-(Paläo-)Temperaturen aus verschiedenen terrestrischen Archiven eozänen Alters 

(~50-34 Mio. Jahre) aus dem Pazifischen Nordwesten (Washington) und dem Inland des 

Nordamerikanischen Kontinents (Montana, Nevada, Utah) erhoben. 

Anhand isotopischer Untersuchungen von Bodenkarbonaten aus fossilen Böden aus dem 

Sage Creek Becken (Montana, USA) und lakustriner Karbonat-Ablagerungen (Elko 

Becken, Nevada, USA), gekoppelt an geochronologische Altersbestimmungen der 

Sedimente, konnten Auswirkungen der MECO Klimaerwärmung in terrestrischen Milieus 
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festgestellt werden (Kapitel 2 und 3). Die Messung von ∆47-Temperaturen an 

Bodenkarbonaten aus den „Dell Beds“-Formation (Sage Creek Becken, Montana) zeigte 

einen Temperaturanstieg von +9°C und – nachdem Maximaltemperaturen von ~32°C 

erreicht wurden – eine Temperaturabnahme von -11°C über einen sehr kurzen Zeitraum. 

Diese Temperaturschwankung von +9/-11°C in den ca. 40 Mio. Jahre alten Paläoböden 

folgt dem marinen Temperaturverlauf und ist mit niedrigen δ18O-Werten und niedrigen 

Karbonatgehalten im Boden assoziiert. Dies deutet darauf hin, dass eine veränderte 

Atmosphärenzirkulation nun isotopisch abgereicherte Luftmassen in das Inland des 

amerikanischen Kontinents bringt und dass (sub-)humide und warme Bedingungen 

während dieser globalen Klimaerwärmung vorherrschten (Kapitel 2). Kombinierte δ18O-, 

δ
13C-, 87Sr/86Sr-Datensätze, die an lakustrinen Ablagerungen aus dem Elko Becken 

erhoben wurden, zeigen sowohl ein langfristiges tektonisches Signal (Hebung der 

Erdoberfläche) als auch ein kurzes, klimatisches Signal, das mit dem MECO 

zusammenfällt. Die langfristige Abnahme von Seewasser δ18O-Werten wurde als 

Hebungssignal interpretiert, wohingegen eine zwischenzeitliche rapide Abnahme δ18O-

Werte als Indikator für verstärkte Sommermonsun-Niederschläge an den östlichen 

Flanken der nordamerikanischen Kordillera gelten (Kapitel 3). Beide Studien weisen auf 

eine nördliche Verschiebung des nordamerikanischen Monsunsystems während des 

MECOs hin und legen dar, dass globale Klimaschwankungen wie das MECO eine 

signifikante Kontrolle auf die Isotopie des lokalen Niederschlags ausüben können.  

Diese Resultate haben Auswirkungen auf die Nutzung stabiler Isotope als Paläoaltimetrie-

Proxy, da starke Isotopenschwankungen (bis zu ~6 ‰) über sehr kurze Zeiträume 

stattfanden und niedrige δ
18Oppt-Werte mit erhöhten Temperaturen bzw. 

Monsunniederschlägen verbunden sind. Niedrige δ18Oppt-Werte können also mit globalen 

Temperaturerhöhungen aber auch mit der Hebung der Erdoberfläche verbunden werden. 

Es ist daher wichtig, keine „Momentaufnahme“ der Isotopie zu zeigen, sondern die 

langfristigen, auf tektonischen Zeitskalen agierenden Veränderungen oder multiple 

Schwankungen mit unterschiedlichen Vorzeichen zu betrachten. Die niedrige-

δ
18Oppt/hohe-Temperatur-Beziehung impliziert, dass der Temperatureffekt, bei dem in den 

mittleren Breiten δ18Oppt-Werte mit der mittleren Jahrestemperatur korrelieren, 

wahrscheinlich nicht zwangsläufig für ein eozänes Hochplateau in einem Bereich der 

mittleren Breiten gegolten hat. Wahrscheinlich hat der in den niedrigen Breiten oder in 

Monsun-geprägten Regionen dominierende „Mengeneffekt“ (niedrige δ18O-Werte bei 

hohen Niederschlagsmengen) den Temperatureffekt überlagert. Sorgfältige 

Untersuchungen der unterschiedlichen Klima-Effekte auf die δ18Oppt-Daten sind daher 

zwingend notwendig bevor man Paläohöhenrekonstruktionen durchführt.  
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Wie anfällig ein Isotopenprofil gegenüber klimatisch induzierten Veränderungen ist, 

hängt auch von der in dem Proxy integrierten Zeit ab (Dauer der Proxybildung). Während 

pedogene Karbonate das Isotopensignal des Bodenwassers von 100 bis 1000 Jahren 

aufzeichnen (Breecker et al., 2009), haben hydrierte Minerale aus mylonitischen 

Scherzonen von metamorphen Kernkomplexen den Vorteil, dass kurze 

Klimaschwankungen typischerweise aus dem Isotopensignal des Fluids mit welchem sich 

das Mineral während der Deformation austauscht herausgemittelt werden 

(Deformationszeiträume 104-106 Jahre; Mulch und Chamberlain, 2007). Die 

Wasserstoffisotopie von eozänen (~45 bis 40 Mio. Jahre) Hellglimmern aus der Raft 

River Scherzone (Utah, USA) beweist, dass die Fluide, die während der aktiven 

Deformationsphase in der Scherzone zirkulierten, von der Erdoberfläche stammten 

(meteorische Isotopensignatur) (Kapitel 4). Dieses Ergebnis dokumentiert, dass die Raft 

River Scherzone schon während des Eozäns aktiv war und somit eine eozäne 

Extensionsphase deutlich der miozänen „Basin und Range“-Extension vorangeht. Zudem 

stimmt dieses Langzeitsignal gut mit den anderen Proxydaten aus dem mittleren Eozän 

dieser Region überein (vgl. Elko Becken (Kapitel 3) und δ18Oppt-Karten (Chamberlain et 

al., 2012)), und bestätigt somit Studien, die die eozänen westlichen Vereinigten Staaten 

als eine Region mit erhöhter Topographie beschreiben (z.B. Chamberlain et al., 2012; 

Horton et al., 2004).  

Paläogene stabile Isotopenprofile aus extensionalen strike-slip Becken im Pazifischen 

Nordwesten (Washington, USA) tragen erheblich zu den oben formulierten Zielen 1 und 

2 bei und zu unserem Verständnis über die topographische Geschichte des Pazifischen 

Nordwestens bzw. der frühen Kaskadenkette. Es stellte sich jedoch heraus, dass die 

Sedimente des beprobten Beckens diagenetisch überprägt waren und dass die δ18O-

Information der untersuchen Grundwasserkarbonate aus dem Chumstick Becken (Kapitel 

5), sowie dem Swauk und dem Chuckanut Becken (Kapitel 6) auf Grund der hohen 

Temperaturbedingungen während der Karbonatbildung nicht direkt nutzbar waren. Dies 

ist insofern kritisch für Paläoaltimetrie-Rekonstruktionen, da Diagenese die δ18O-Werte 

der Proxys typischerweise herabsetzt und es dadurch zu einer Überschätzung der 

Paläohöhen kommen kann. Jedoch machte die Kombination von Datensätzen (stabile 

Isotope, ∆47-Temperaturen, Vitrinitreflektion, Thermochronologie) es möglich, die 

Versenkungs- und Exhumations-geschichte des Beckens sowie den Grad der Diagenese 

zu bestimmen und deren Auswirkung auf die Sauerstoffisotopie zu quantifizieren (Kapitel 

5). Dies erlaubt die Rekonstruktion von δ18Oppt-Werten (-7 ‰ bis -9 ‰), welche gut mit 

modellierten eo-/oligozänen δ18Oppt-Werten (-8 ‰ bis -10 ‰; Feng et al., 2013) entlang 

der Washingtoner Pazifikküste übereinstimmen. Die rekonstruierten Werte entsprechen 

also denen eines küstennahen Niederschlages und schließen folglich einen Regenschatten 

durch eine eo-/oligozäne Kaskadenkette aus. Im Umkehrschluss kann daher auch das 
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Vorhandensein der Kaskaden als prominente Gebirgskette ausgeschlossen werden 

(zumindest an der heutigen Position mit dem Chumstick Becken im Lee des Gebirges). 

Ebenfalls erscheint es unwahrscheinlich, dass die frühen Kaskaden eine “Rampe” zu 

einem östlich gelegenen Hochplateau bildeten (mit dem Chumstick Becken auf dem 

potentiellen Plateau). In beiden Fällen wären durch orographischen Niederschlag 

abgereicherte δ18Oppt-Werte im Becken zu erwarten gewesen. Hingegen lag das 

Chumstick Becken wohl auf moderaten Höhen und nah am Pazifischen Ozean. Ob Berge 

im Osten des Beckens, von wo aus der Hauptsedimenteintrag erfolgte, die Kante eines 

eozänen Hochplateaus bildeten oder es sich nur um kleinere, lokale Gebirgszüge oder 

Erhebungen handelte, bleibt an dieser Stelle spekulativ. 

Abgesehen von der Raft River Scherzone weiter südlich, lagen alle Untersuchungsgebiete 

auf einem West-Ost-Transsekt zwischen ~48° N bis ~44° N, welches die Washingtoner 

Kaskaden bis Montana umfasst, und somit den Hauptzirkulationsmustern der 

Atmosphärenströmungen über den westlichen Vereinigten Staaten folgt (vgl. Abb. 3b in 

Kapitel 1). Unter der Annahme, dass 1.) die atmosphärischen Zirkulationsmuster und die 

Isotopen-Höhengradienten ähnlich den heutigen waren und 2.) kurzzeitige 

Klimaschwankungen aus dem Isotopensignal der Proxymaterialien herausgemittelt 

wurden und/oder quantifiziert werden können, ist es möglich Veränderungen in der 

Isotopie des Niederschlags entlang des Transsekts zu verfolgen. Dies kann essentielle 

Informationen über die großräumige Topographie liefern, da es einen Küsten-Inlands-

Vergleich erlaubt, sowie über das Recyclings von Feuchtigkeit, während sich die 

Luftmassen über dem nordamerikanischen Kontinent hinweg bewegen (z.B. Mix et al. 

2013; Winnick et al., 2014). 

Mittels der Untersuchung stabiler Isotope des Niederschlags können also wertvolle 

Informationen über verschiedene klimatische und tektonische/topographische Parameter 

gewonnen werden. Da diese im starken Maße den hydrologischen Kreislauf der Erde 

beeinflussen, ist es unerlässlich, möglichst viele Informationen darüber zu gewinnen, wie 

das System Klima-Topographie-Hydrologie in der Vergangenheit reagierte, um 

Klimaprognosen abzugeben, Klimamodelle zu kalibrieren und Biodiversitäts-, Umwelt-, 

und Klimaänderungen abschätzen zu können. Die Paläoaltimetrie agiert dabei an der 

Schnittstelle zwischen gebirgsbildenen, klimatischen und Erdoberflächenprozessen und 

ist ein fundamentaler Teil der Geowissenschaften, wenn man das Zusammenspiel von 

Klima und Topographie diskutiert. 
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Tab. A1.1. Sampling locations 
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Tab. A1.1 Summary of information about sampling localities and samples. 

Location name State Coordinates Achieve Proxy material Age no. of 

sections / 

samples 

Main reference 

  
latitude 

(N)  

longitude 

(W) 
  [Ma]  

Sage Creek Basin  southwestern MT 44°45’ 112°35’ terrestrial sedimentary basin paleosols ~50-33 4 / 201 Tabrum et al., 1996 

Muddy Creek Basin  southwestern MT 44°40’ 112°50’ terrestrial sedimentary basin paleosols 48-36(?) 1 / 146 Dunlap, 1982 

Kishenehn Basin  northern MT 48°20’ 113°39’ terrestrial sedimentary basin lacustrine sediments 

paleosols 

46-33(?) 2 / 116 Constenius, 1981 

Chumstick Basin  central WA 47°35’ 120°30’ terrestrial sedimentary basin groundwater carbonate  

paleosols 

50-34 11 / 147 Evans, 1988 

Swauk Basin  central WA 47°23’ 120°40’ terrestrial sedimentary basin groundwater carbonate  

paleosols 

55-47 5 / 122 Taylor et al., 1988 

Chuckanut Basin  northern WA 48°55’ 112°05’ terrestrial sedimentary basin groundwater carbonate 

paleosols 

>53-40(?) 4 / 56 Johnson, 1982 

Raft River metamorphic 

core complex 

Utah/Idaho 41°55’ 113°22’ metamorphic core complex mica-bearing qurtzites ~40 3 / 43 * Compton, 1980 

Wells et al., 2000 

* Sections were measured (all) and analyzed (two of three) by A. Mulch. 
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Tab. A2.1. Pedogenic carbonate samples with GasBench oxygen (δ18O, VSMOW, ‰) and carbon (δ13C, VPDB, ‰) isotope ratios and calculated 

CaCO3 content (%). Different sub-samples (e.g. 115B to 115D) are from the same hand specimen, if not mentioned otherwise.  

sub-sample 
latitude 

(°N) 

longitude  

(°W) 

stratigraphic 

position 
δ

13C δ
18O 

average 

δ
13C 

stdev δ13C 
average 

δ
18O 

stdev  δ18O CaCO3 
average 

CaCO3 

stdev 

CaCO3 

   
[m above 

base] 
[‰, 

VPDB] 
[‰, 

VSMOW] 
[‰, VPDB] [‰, VPDB] 

[‰, 
VSMOW] 

[‰, 
VSMOW] 

[%] [%] [%] 

11KM-115 B 44°45.133 112°34.798 0.5 -3.34 12.64 -3.00 0.41 12.88 1.18 44 33 16 

11KM-115 C    -3.23 14.44     45   

11KM-115 D    -2.43 11.56     10   

11KM-116 44°45.133 112°34.798 4.2 -2.28 12.13 -2.32 0.64 12.03 0.19 33 34 1 

11KM-116 B    -2.36 12.15     33   

11KM-116 C    -3.09 12.25     34   

11KM-116 D    -2.68 11.83     35   

11KM-116 E    -1.18 11.77     34   

11KM-117 44°45.133 112°34.798 7.4 -4.21 12.75 -3.75 0.45 12.76 0.01 19 15 4 

11KM-117 B*    -3.30 12.78     11   

11KM-118 44°45.133 112°34.798 10.3 -3.58 16.59 -3.60 0.24 16.67 0.08 48 47 1 

11KM-118 B    -3.31 16.78     46   

11KM-118 C    -3.90 16.64     47   

11KM-120 44°45.133 112°34.798 10.7 -3.75 17.87 - - - - 37 - - 

11KM-121 44°45.133 112°34.798 12.8 -3.26 18.78 -3.23 0.03 18.74 0.10 47 47 0 

11KM-121 B    -3.23 18.83     47   

11KM-121 C    -3.19 18.60     47   

11KM-123 44°45.133 112°34.798 14.4 -3.41 12.52 -3.30 0.23 12.34 0.10 16 22 5 

11KM-123 B    -3.46 12.26     20   

11KM-123 C    -2.90 12.29     24   

11KM-123 D    -3.41 12.30     29   

11KM-125 44°45.133 112°34.798 15 -2.35 12.58 - - - - 4 - - 

11KM-127 44°45.133 112°34.798 17.1 -2.97 12.43 -2.89 0.08 12.46 0.14 19 22 3 

11KM-127 B    -2.91 12.31     22   

11KM-127 C    -2.78 12.65     26   

11KM-128B 44°45.133 112°34.798 21 -2.40 12.76 -2.43 0.03 12.77 0.01 16 22 6 

11KM-128B B    -2.46 12.78     27   

11KM-130 44°45.133 112°34.798 22.9 -3.26 19.22 - - - - 42 - - 

11KM-131 44°45.133 112°34.798 23.9 -2.95 19.30 -3.31 0.27 18.75 0.42 45 40 8 



 

 

11KM-131 B    -3.59 18.28     46   

11KM-131 C    -3.38 18.67     29   

11KM-132 44°45.133 112°34.798 25.7 -3.73 18.21 - - - - 44 - - 

11KM-133 44°45.133 112°34.798 26 -5.33 15.50 -4.90 0.3 15.87 0.27 35 39 3 

11KM-133 B    -4.66 16.13     42   

11KM-133 C    -4.72 15.98     40   

11KM-134 44°45.133 112°34.798 27.1 -2.59 19.58 -2.55 0.05 19.36 0.26 45 41 8 

11KM-134 B    -2.57 19.32     43   

11KM-134 C    -2.58 18.94     47   

11KM-134 D    -2.46 19.59     27   

11KM-135 44°45.133 112°34.798 28.7 -1.04 14.36 -3.40 1.67 15.10 0.69 31 35 4 

11KM-135 B    -4.53 16.03     40   

11KM-135 C    -4.64 14.90     34   

11KM-136 44°45.133 112°34.798 29.4 -4.46 15.81 - - - - 35 - - 

11KM-137 44°45.133 112°34.798 30 -4.25 16.36 -4.42 0.3 16.03 0.4 46 42 4 

11KM-137 B    -4.18 16.24     37   

11KM-137 C    -4.83 15.47     44   

11KM-138 44°45.133 112°34.798 30.6 -1.21 14.51 - - - - 40 - - 

11KM-139 44°45.133 112°34.798 31.9 -1.70 15.08 - - - - 35 - - 

11KM-140 44°45.133 112°34.798 32.6 -4.53 16.16 - - - - 44 - - 

11KM-114 44°45.013 112°34.748 37 -3.14 14.34 -3.13 0.04 14.16 0.18 43 39 7 

11KM-114 B    -3.18 13.91     29   

11KM-114 C    -3.07 14.21     45   

11KM-113 44°45.013 112°34.748 37.2 -3.98 15.37 -3.89 0.06 14.58 0.88 39 42 5 

11KM-113 B    -3.87 15.01     49   

11KM-113 C    -3.83 13.36     39   

11KM-106 44°45.013 112°34.748 47.4 -3.97 15.56 -4.19 0.18 15.25 0.28 55 52 11 

11KM-106 B    -4.46 15.31     63   

11KM-106 C    -4.13 15.43     63   

11KM-106 D    -4.08 14.73     34   

11KM-106 E    -4.33 15.22     46   

*different hand specimen 

 



 

 

Tab. A2.2. Measured isotopic data of a pedogenic nodule (sample 11-KM-122 @ 12,9m above base) with GasBench oxygen (δ18O, VSMOW, 

‰) and carbon (δ13C, VPDB, ‰) isotope ratios and calculated CaCO3 content (%).  

sub-sample comment 
distance from 

rim  
δ

13C δ
18O mean δ13C stdev δ13C mean δ18O stdev  δ18O CaCO3 

mean 

CaCO3 

stdev 

CaCO3 

  [cm] 
[‰, 

VPDB] 
[‰, 

VSMOW] 
[‰, VPDB] [‰, VPDB] 

[‰, 
VSMOW] 

[‰, 
VSMOW] 

[%] [%] [%] 

11-KM-122 G profile 1 0.2 -4.29 14.88     41   

11-KM-122 B  0.5 -3.71 14.72     51   

11-KM-122 H  0.9 -3.41 14.75     47   

11-KM-122 I  1.2 -2.10 14.62     58   

11-KM-122 J  1.5 -2.10 15.89     51   

11-KM-122 C  1.8 -2.54 17.52     53   

11-KM-122 K  2.2 -2.94 18.48     53   

11-KM-122 L  2.5 -2.88 19.30     57   

11-KM-122 M  2.8 -2.91 19.25     60   

11-KM-122 D  3.2 -3.05 18.67     61   

11-KM-122 N  3.5 -3.18 18.35     60   

11-KM-122 O  3.9 -2.95 18.49     57   

11-KM-122 P  4.15 -3.12 17.88     62   

11-KM-122 E  4.45 -3.05 17.36     66   

11-KM-122 Q  4.9 -3.12 17.21     60   

11-KM-122 R  4.6 -3.11 17.38     63   

            

11-KM-122 S profile 2 3.2 -3.11 18.42     57   

11-KM-122 T perpendicular to profile 1 2 -3.11 17.14     58   

11-KM-122 U  1 -3.43 13.81     36   

11-KM-122 V  0.1 -3.66 14.94     40   

     -3.09 0.5 16.97 1.7  55 8 

            

11-KM-122 F greyish clast  -2.85 13.67     36   

11-KM-122 Sp sparite  -5.29 14.50     104   
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Tab. A2.3. Measured δ47 and ∆47 values (in ‰) of “heated gases” (equilibrated at 

1000°C) and CO2 gases equilibrated at 25 °C. 

Date Sample ID δ47 ∆47, raw 
stDev 

∆47, absolute 

se 

∆47, absolute 

  [‰] [‰] [‰] [‰] 

Heated gases      
30.01.2013 HG 1782 -4.000 -0.996 0.017 0.005 

30.01.2013 HG 1783 -22.969 -1.434 0.042 0.013 

31.01.2013 HG 1784 -3.238 -0.973 0.018 0.006 

31.01.2013 HG 1785 -22.199 -1.410 0.031 0.010 

01.02.2013 HG 1786 16.817 -0.503 0.018 0.006 

05.02.2013 HG 1787 -3.512 -0.922 0.026 0.008 

05.02.2013 HG 1788 -3.499 -0.924 0.023 0.007 

06.02.2013 HG 1790 -22.368 -1.362 0.022 0.007 

06.02.2013 HG 1791 13.322 -0.574 0.024 0.007 

07.02.2013 HG 1792 -2.661 -0.856 0.024 0.008 

07.02.2013 HG 1794 -13.817 -1.113 0.034 0.011 

07.02.2013 HG1793 -2.747 -0.910 0.032 0.010 

07.02.2013 HG1795 -13.982 -1.133 0.029 0.009 

08.02.2013 HG1796 16.588 -0.465 0.028 0.009 

08.02.2013 HG1797 16.482 -0.525 0.023 0.007 

11.02.2013 HG 1801 -1.515 -0.814 0.023 0.007 

11.02.2013 HG 1800 -1.627 -0.816 0.040 0.013 

12.02.2013 HG 1802 -14.416 -1.078 0.027 0.008 

12.02.2013 HG 1803 -14.514 -1.043 0.026 0.008 

12.02.2013 HG 1804 16.244 -0.472 0.024 0.008 

12.02.2013 HG 1805 16.044 -0.517 0.022 0.007 

13.02.2013 HG 1806 -2.619 -0.849 0.027 0.008 

13.02.2013 HG 1807 -2.549 -0.815 0.037 0.012 

13.02.2013 HG 1808 -36.562 -1.487 0.027 0.009 

13.02.2013 HG 1808 -36.435 -1.424 0.034 0.011 

14.02.2013 HG 1810 -2.417 -0.860 0.033 0.010 

14.02.2013 HG 1811 -2.408 -0.819 0.024 0.008 

14.02.2013 HG 1812 16.125 -0.523 0.020 0.006 

14.02.2013 HG 1813 16.017 -0.497 0.015 0.005 

19.02.2013 HG 1816 -36.097 -1.438 0.025 0.008 

19.02.2013 HG 1817 -36.117 -1.441 0.031 0.010 

20.02.2013 HG 1819 -1.617 -0.801 0.028 0.009 

20.02.2013 HG 1818 -1.773 -0.826 0.024 0.008 

21.02.2013 HG 1820 15.699 -0.497 0.029 0.009 

21.02.2013 HG 1821 15.730 -0.487 0.034 0.011 

25.02.2013 HG 1827 -36.901 -1.430 0.026 0.008 

25.02.2013 HG 1828 -37.139 -1.465 0.028 0.009 

26.02.2013 HG 1829 -2.540 -0.824 0.040 0.013 

26.02.2013 HG 1830 -2.708 -0.867 0.018 0.006 

27.02.2013 HG 1834 13.941 -0.559 0.032 0.010 

27.02.2013 HG 1835 13.978 -0.554 0.026 0.008 

28.02.2013 HG 1838 -35.813 -1.418 0.025 0.008 

28.02.2013 HG 1839 -36.067 -1.436 0.032 0.010 

01.03.2013 HG 1844 -1.883 -0.816 0.027 0.008 

01.03.2013 HG 1843 -2.073 -0.840 0.026 0.008 

04.03.2013 HG 1849 17.629 -0.538 0.025 0.008 

05.03.2013 HG 1854 -37.268 -1.465 0.027 0.009 

07.03.2013 HG 1859 -2.846 -0.833 0.029 0.009 

07.03.2013 HG 1858 -2.945 -0.842 0.018 0.006 

08.03.2013 HG 1865 -36.620 -1.446 0.031 0.010 

08.03.2013 HG 1864 -36.795 -1.450 0.025 0.008 

11.03.2013 HG 1873 16.688 -0.505 0.016 0.005 
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11.03.2013 HG 1872 16.627 -0.521 0.028 0.009 

13.03.2013 HG 1880 -3.593 -0.837 0.029 0.009 

13.03.2013 HG 1879 -3.524 -0.835 0.031 0.010 

15.03.2013 HG 1890 -36.610 -1.406 0.018 0.006 

15.03.2013 HG 1889 -36.761 -1.432 0.030 0.009 

18.03.2013 HG 1894 16.740 -0.538 0.031 0.010 

18.03.2013 HG 1893 16.724 -0.539 0.017 0.006 

20.03.2013 HG 1902 -2.561 -0.814 0.033 0.010 

20.03.2013 HG 1901 -2.695 -0.822 0.019 0.006 

22.03.2013 HG 1914 -36.563 -1.351 0.026 0.008 

22.03.2013 HG 1913 -36.534 -1.366 0.030 0.010 

25.03.2013 HG 1919 16.869 -0.462 0.033 0.010 

25.03.2013 HG 1918 16.805 -0.529 0.023 0.007 

28.03.2013 HG 1930 -2.243 -0.808 0.029 0.009 

02.04.2013 HG 1938 -35.916 -1.349 0.029 0.009 

02.04.2013 HG 1937 -35.961 -1.336 0.026 0.008 

04.04.2013 HG 1941 14.823 -0.534 0.044 0.014 

10.04.2013 HG 1953 -3.265 -0.823 0.071 0.023 

10.04.2013 HG 1952 -3.379 -0.833 0.022 0.007 

12.04.2013 HG 1964 -36.975 -1.320 0.019 0.006 

12.04.2013 HG 1965 -37.057 -1.325 0.028 0.009 

15.04.2013 HG 1972 17.080 -0.485 0.026 0.008 

15.04.2013 HG 1973 17.064 -0.511 0.033 0.010 

22.04.2013 HG1984 -1.499 -0.857 0.040 0.013 

22.04.2013 HG1985 -1.761 -0.823 0.019 0.006 

23.04.2013 HG1986 -38.427 -1.373 0.035 0.011 

23.04.2013 HG1987 -38.531 -1.363 0.024 0.008 

24.04.2013 HG1988 15.746 -0.525 0.033 0.010 

24.04.2013 HG1989 15.064 -0.561 0.036 0.011 

25.04.2013 HG1991 -28.222 -1.182 0.025 0.008 

25.04.2013 HG1992 -28.261 -1.201 0.022 0.007 

29.04.2013 HG1993 -1.993 -0.841 0.028 0.009 

29.04.2013 HG1994 -2.041 -0.830 0.035 0.011 

30.04.2013 HG1996 -29.208 -1.231 0.033 0.010 

30.04.2013 HG1997 -29.224 -1.230 0.026 0.008 

06.05.2013 HG 2005 -2.149 -0.842 0.026 0.008 

06.05.2013 HG 2006 -2.166 -0.820 0.034 0.011 

08.05.2013 HG 2014 13.330 -0.567 0.021 0.007 

08.05.2013 HG 2015 13.050 -0.545 0.025 0.008 

10.05.2013 HG 2023 -34.834 -1.293 0.027 0.009 

10.05.2013 HG 2022 -34.770 -1.292 0.029 0.009 

13.05.2013 HG 2027 -2.226 -0.804 0.030 0.010 

13.05.2013 HG 2026 -2.340 -0.802 0.045 0.014 

14.05.2013 HG 2032 17.075 -0.543 0.032 0.010 

15.05.2013 HG 2038 -23.935 -1.153 0.023 0.007 

22.06.2013 HG 2131 -15.963 -1.049 0.018 0.006 

22.06.2013 HG 2132 18.592 -0.376 0.032 0.010 

24.06.2013 HG 2133 -1.080 -0.761 0.019 0.006 

24.06.2013 HG 2134 -1.137 -0.775 0.032 0.010 

25.06.2013 HG 2137 -24.028 -1.243 0.022 0.007 

25.06.2013 HG 2138 -24.104 -1.229 0.020 0.006 

26.06.2013 HG 2140 13.669 -0.474 0.021 0.007 

26.06.2013 HG 2142 -2.509 -0.806 0.025 0.008 

26.06.2013 HG 2141 13.623 -0.478 0.033 0.011 

26.06.2013 HG 2143 -2.591 -0.791 0.028 0.009 

27.06.2013 HG 2145 -33.196 -1.410 0.031 0.010 

27.06.2013 HG 2144 -33.323 -1.426 0.030 0.010 

28.06.2013 HG 2151 18.076 -0.401 0.041 0.013 

28.06.2013 HG 2152 18.061 -0.398 0.024 0.008 

01.07.2013 HG 2155 -3.222 -0.810 0.024 0.008 
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01.07.2013 HG 2156 -3.121 -0.793 0.017 0.005 

02.07.2013 HG 2159 -33.046 -1.419 0.030 0.009 

02.07.2013 HG 2160 -33.207 -1.437 0.036 0.011 

04.07.2013 HG 2172 16.909 -0.466 0.021 0.007 

08.07.2013 HG 2179 -0.534 -0.775 0.028 0.009 

08.07.2013 HG 2180 -0.665 -0.772 0.037 0.012 

11.07.2013 HG 2191 -33.254 -1.385 0.018 0.006 

11.07.2013 HG 2192 -33.265 -1.381 0.026 0.008 

12.07.2013 HG 2203 16.934 -0.488 0.023 0.007 

12.07.2013 HG 2204 16.878 -0.462 0.034 0.011 

15.07.2013 HG 2213 -1.623 -0.792 0.016 0.005 

15.07.2013 HG 2214 -1.583 -0.762 0.027 0.008 

15.07.2013 HG 2215 14.822 -0.488 0.017 0.005 

17.07.2013 HG 2229 -33.361 -1.360 0.014 0.004 

18.07.2013 HG 2234 16.450 -0.451 0.030 0.010 

22.07.2013 HG 2241 -1.073 -0.776 0.031 0.010 

22.07.2013 HG 2242 -1.032 -0.742 0.027 0.009 

23.07.2013 HG 2251 -33.418 -1.397 0.030 0.009 

23.07.2013 HG 2252 -33.322 -1.369 0.026 0.008 

26.07.2013 HG 2257 18.275 -0.389 0.018 0.006 

26.07.2013 HG 2258 18.172 -0.400 0.035 0.011 

29.07.2013 HG 2259 -1.797 -0.767 0.031 0.010 

29.07.2013 HG 2260 -1.821 -0.754 0.033 0.010 

31.07.2013 HG 2267 -34.591 -1.415 0.030 0.009 

11.11.2013 HG 2381 -34.915 -1.591 0.021 0.007 

12.11.2013 HG 2383 -0.839 -0.865 0.025 0.008 

12.11.2013 HG 2384 18.718 -0.438 0.020 0.008 

13.11.2013 HG 2385 18.657 -0.407 0.024 0.008 

13.11.2013 HG 2386 -0.526 -0.810 0.014 0.004 

13.11.2013 HG 2387 -0.617 -0.839 0.030 0.009 

13.11.2013 HG 2387 -0.628 -0.854 0.026 0.008 

13.11.2013 HG 2387 -0.606 -0.834 0.027 0.008 

13.11.2013 HG 2387 -0.578 -0.800 0.026 0.008 

14.11.2013 HG 2388 -23.920 -1.375 0.037 0.012 

14.11.2013 HG 2389 -23.939 -1.355 0.037 0.012 

14.11.2013 HG 2390 -1.014 -0.834 0.025 0.008 

14.11.2013 HG 2391 -1.066 -0.844 0.025 0.008 

15.11.2013 HG 2396 -1.376 -0.844 0.046 0.015 

15.11.2013 HG 2397 -1.450 -0.848 0.018 0.006 

18.11.2013 HG 2398 22.998 -0.353 0.026 0.008 

18.11.2013 HG 2399 23.030 -0.355 0.030 0.009 

18.11.2013 HG 2400 -26.264 -1.385 0.032 0.010 

18.11.2013 HG 2401 -26.307 -1.400 0.032 0.010 

20.11.2013 HG 2407 -22.495 -1.305 0.022 0.007 

20.11.2013 HG 2412 -1.312 -0.843 0.015 0.005 

20.11.2013 HG 2408 -22.603 -1.322 0.029 0.009 

20.11.2013 HG 2409 22.200 -0.348 0.038 0.012 

20.11.2013 HG 2410 22.068 -0.386 0.038 0.012 

20.11.2013 HG 2411 -1.390 -0.837 0.010 0.003 

25.11.2013 HG 2430 -22.994 -1.304 0.031 0.010 

26.11.2013 HG 2431 22.032 -0.359 0.034 0.011 

29.11.2013 HG 2448 -1.643 -0.842 0.027 0.009 

02.12.2013 HG 2461 -22.536 -1.345 0.036 0.011 

04.12.2013 HG 2474 23.668 -0.356 0.029 0.009 

04.12.2013 HG 2475 23.593 -0.318 0.027 0.008 

05.12.2013 HG 2476 -0.773 -0.884 0.023 0.007 

05.12.2013 HG 2477 -0.866 -0.858 0.025 0.008 

06.12.2013 HG 2485 -23.220 -1.368 0.024 0.008 

09.12.2013 HG 2489 17.479 -0.468 0.026 0.008 

09.12.2013 HG 2490 17.626 -0.430 0.036 0.012 
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25 °C gases      

05.02.2013 25G 1787 7.264 0.098 0.029 0.009 

08.02.2013 25G 1798 7.241 0.132 0.024 0.008 

11.02.2013 25G 1799 -30.306 -0.585 0.025 0.008 

14.02.2013 25G 1814 15.500 0.273 0.031 0.010 

14.02.2013 25G 1815 15.347 0.257 0.022 0.007 

21.02.2013 25G 1822 6.207 0.116 0.035 0.011 

21.02.2013 25G 1823 6.142 0.100 0.028 0.009 

25.02.2013 25G 1824 -32.448 -0.589 0.033 0.010 

25.02.2013 25G 1825 -32.590 -0.614 0.028 0.009 

25.06.2013 25G 2135 17.269 0.322 0.032 0.010 

25.06.2013 25G 2136 17.335 0.331 0.034 0.011 

27.06.2013 25G 2147 -29.151 -0.601 0.026 0.008 

27.06.2013 25G 2148 16.552 0.321 0.028 0.009 

27.06.2013 25G 2146 -29.290 -0.616 0.034 0.011 

27.06.2013 25G 2149 16.533 0.315 0.019 0.006 

04.07.2013 25G 2165 8.780 0.161 0.027 0.008 

05.07.2013 25G 2173 -28.822 -0.593 0.025 0.008 

09.07.2013 25G 2182 8.956 0.164 0.027 0.009 

10.07.2013 25G 2186 -28.930 -0.585 0.021 0.007 

10.07.2013 25G 2186 -28.913 -0.572 0.028 0.009 

15.07.2013 25G 2212 16.905 0.310 0.032 0.010 

15.11.2013 25G 2392 8.420 0.160 0.0210 0.0066 

15.11.2013 25G 2394 -29.149 -0.665 0.0259 0.0082 

15.11.2013 25G 2393 8.370 0.162 0.0231 0.0073 

15.11.2013 25G 2395 -29.218 -0.652 0.0166 0.0053 

19.11.2013 25G 2402 17.466 0.359 0.0342 0.0108 

19.11.2013 25G 2403 -28.783 -0.665 0.0262 0.0083 

19.11.2013 25G 2405 8.072 0.168 0.0256 0.0081 

19.11.2013 25G 2404 -28.819 -0.651 0.0226 0.0072 

19.11.2013 25G 2406 8.003 0.175 0.0217 0.0069 

21.11.2013 25G 2413 18.252 0.358 0.0257 0.0081 

21.11.2013 25G 2414 18.139 0.344 0.0301 0.0095 

22.11.2013 25G 2417 -28.244 -0.658 0.0272 0.0086 

27.11.2013 25G 2437 10.018 0.143 0.0165 0.0052 

27.11.2013 25G 2441 -28.385 -0.637 0.0156 0.0049 

27.11.2013 25G 2438 9.035 0.183 0.0259 0.0082 

27.11.2013 25G 2439 17.776 0.328 0.0257 0.0081 

27.11.2013 25G 2440 17.620 0.365 0.0241 0.0076 
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Tab. A2.4. Measured isotopic compositions (δ47, ∆47, δ
13C and δ18O values in ‰) of 

standard materials. Each day 2-3 standard materials were measured: NBS 19 or in-house 

carbonate standards: Carrara marble, Arctica islandica (well-homogenized shell material 

of an aragonitic cold water bivalve), or Dyscolia wyvillei (second layer shell material of a 

brachiopod). 

Date 
Sample 

ID 

Sample 

size 
δ47 ∆47, raw ∆47, absolute 

stDev 

∆47, 

absolute 

se ∆47, absolute δ
13C δ

18O 

  [mg] [‰] [‰] [‰] [‰] [‰] 
[‰, 

VPDB] 
[‰, 

VSMOW] 

26.02.2013 Carrara 5.18 16.922 -0.257 0.381 0.0347 0.011 2.035 28.26 

26.02.2013 Carrara 4.78 17.225 -0.269 0.360 0.0299 0.009 1.981 28.63 

26.02.2013 MuStd 8.95 22.606 0.103 0.676 0.0272 0.009 1.671 34.35 

01.03.2013 Carrara 7.08 16.964 -0.250 0.389 0.0220 0.007 2.031 28.30 

01.03.2013 Carrara 7.49 17.048 -0.268 0.367 0.0291 0.009 2.008 28.42 

04.03.2013 Carrara 5.19 17.171 -0.270 0.362 0.0272 0.009 2.006 28.55 

04.03.2013 Carrara 4.61 17.090 -0.273 0.360 0.0267 0.008 2.044 28.44 

05.03.2013 Carrara 7.21 17.303 -0.257 0.372 0.0167 0.005 2.025 28.65 

05.03.2013 Carrara 7.21 17.214 -0.294 0.331 0.0246 0.008 1.992 28.63 

07.03.2013 Carrara 7.96 17.315 -0.248 0.382 0.0298 0.009 2.059 28.62 

07.03.2013 Carrara 6.88 17.092 -0.283 0.347 0.0193 0.006 2.014 28.48 

08.03.2013 Carrara 8.19 17.204 -0.268 0.370 0.0352 0.011 2.020 28.57 

08.03.2013 Carrara 6.82 17.244 -0.290 0.344 0.0267 0.008 1.996 28.66 

11.03.2013 Carrara 8.13 17.253 -0.245 0.393 0.0182 0.006 2.009 28.61 

15.03.2013 Carrara 7.27 17.466 -0.252 0.379 0.0229 0.007 2.031 28.80 

15.03.2013 Carrara 9.1 17.394 -0.271 0.358 0.0294 0.009 2.02 28.76 

18.03.2013 Carrara 6.42 17.433 -0.241 0.391 0.0316 0.010 2.04 28.75 

18.03.2013 Carrara 7.03 17.304 -0.284 0.344 0.0227 0.007 2.02 28.68 

19.03.2013 Carrara 7.32 17.410 -0.247 0.377 0.0374 0.012 2.02 28.76 

19.03.2013 Carrara 7.80 16.678 -0.275 0.359 0.0302 0.010 1.98 28.09 

20.03.2013 Carrara 6.9 17.188 -0.277 0.358 0.0202 0.006 1.99 28.60 

20.03.2013 Carrara 8.2 17.138 -0.268 0.370 0.0258 0.008 2.04 28.48 

21.03.2013 Carrara 7.16 17.304 -0.279 0.354 0.0268 0.008 2.03 28.67 

21.03.2013 Carrara 7.64 17.138 -0.273 0.364 0.0262 0.008 1.97 28.56 

22.03.2013 Carrara 7.29 17.468 -0.265 0.367 0.0233 0.007 2.05 28.81 

22.03.2013 Carrara 8.43 17.186 -0.272 0.364 0.0286 0.009 2.03 28.55 

26.03.2013 Carrara 7.19 17.246 -0.259 0.378 0.0321 0.010 2.02 28.60 

26.03.2013 Carrara 6.51 17.303 -0.272 0.362 0.0241 0.008 1.99 28.70 

28.03.2013 Carrara 7.32 17.173 -0.257 0.396 0.0294 0.009 2.03 28.52 

28.03.2013 Carrara 8.31 17.165 -0.278 0.371 0.0326 0.010 2.03 28.53 

02.04.2013 Carrara 8.81 17.525 -0.249 0.395 0.0294 0.009 2.05 28.85 

02.04.2013 Carrara 6.25 17.586 -0.276 0.362 0.0267 0.008 2.02 28.96 

03.04.2013 Carrara 9.43 17.538 -0.277 0.363 0.0305 0.010 2.01 28.92 

03.04.2013 Carrara 6.45 17.261 -0.276 0.368 0.0189 0.006 2.04 28.61 

04.04.2013 Carrara 6.68 17.280 -0.289 0.353 0.0316 0.010 2.07 28.62 

04.04.2013 Carrara 7.26 17.313 -0.305 0.334 0.0305 0.010 1.96 28.77 

05.04.2013 Carrara 8.4 17.512 -0.283 0.355 0.0354 0.011 2.02 28.90 

05.04.2013 Carrara 7.73 17.065 -0.270 0.379 0.0345 0.011 1.94 28.52 

10.04.2013 Carrara 6.64 17.396 -0.324 0.313 0.0213 0.007 2.06 28.78 

10.04.2013 Carrara 7.41 17.052 -0.310 0.336 0.0201 0.006 2.06 28.78 

11.04.2013 Carrara 7.57 17.466 -0.267 0.380 0.0274 0.009 2.02 28.83 

11.04.2013 Carrara 6.98 17.451 -0.261 0.386 0.0167 0.005 1.99 28.84 

12.04.2013 Carrara 6.60 17.493 -0.262 0.386 0.0234 0.007 1.98 28.89 

12.04.2013 Carrara 7.42 17.391 -0.274 0.375 0.0228 0.007 2.02 28.76 

15.04.2013 Carrara 6.57 17.480 -0.246 0.408 0.0271 0.009 2.02 28.83 

15.04.2013 Carrara 8.52 17.369 -0.264 0.389 0.0202 0.006 2.04 28.71 

16.04.2013 Carrara 7.75 17.280 -0.258 0.397 0.0281 0.009 2.05 28.61 

16.04.2013 Carrara 7.85 17.432 -0.301 0.344 0.0216 0.007 1.98 28.87 
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19.04.2013 Carrara 14.96 17.527 -0.242 0.412 0.0252 0.008 2.06 28.83 

19.04.2013 Carrara 9.7 17.749 -0.255 0.392 0.0208 0.007 2.08 29.04 

19.04.2013 Carrara 6.85 17.076 -0.280 0.375 0.0354 0.011 2.03 28.44 

06.05.2013 Carrara 8.4 17.255 -0.320 0.329 0.0366 0.012 2.00 28.83 

06.05.2013 Carrara 6.5 16.596 -0.290 0.376 0.0307 0.010 1.87 28.28 

06.05.2013 MuStd 11.9 22.341 0.027 0.646 0.0155 0.005 1.69 33.41 

07.05.2013 Carrara 7.17 17.438 -0.270 0.384 0.0182 0.006 1.99 28.98 

07.05.2013 Carrara 6.6 17.127 -0.299 0.356 0.0290 0.009 2.01 28.68 

10.05.2013 Carrara 6.4 16.689 -0.305 0.357 0.0151 0.005 1.95 28.31 

10.05.2013 MuStd 6.65 22.207 0.066 0.694 0.0366 0.012 1.63 33.30 

13.05.2013 Carrara 6.85 17.301 -0.293 0.360 0.0319 0.010 1.98 28.87 

13.05.2013 MuStd 8.6 22.411 0.112 0.745 0.0254 0.008 1.67 33.43 

16.05.2013 MuStd 8.1 22.240 0.085 0.715 0.0216 0.007 1.67 33.27 

16.05.2013 NBS 19 6.62 16.293 -0.283 0.389 0.0190 0.006 1.99 27.86 

17.05.2013 MuStd 10.85 22.412 0.076 0.703 0.0253 0.008 1.71 33.42 

17.05.2013 NBS 19 6.65 16.387 -0.293 0.376 0.0249 0.008 1.98 27.55 

21.05.2013 MuStd 11.1 22.633 0.094 0.719 0.0224 0.007 1.64 33.67 

21.05.2013 NBS 19 7.1 16.486 -0.318 0.346 0.0325 0.010 1.90 27.75 

01.07.2013 MuStd 9.4 23.510 0.208 0.706 0.0168 0.0053 1.74 34.19 

01.07.2013 NBS19 6.6 17.321 -0.197 0.361 0.0207 0.0065 2.07 28.56 

04.07.2013 Dyscolia 5.9 22.829 0.205 0.734 0.0363 0.0114 2.49 33.21 

10.07.2013 Dyscolia 6.1 22.752 0.179 0.718 0.0330 0.0104 2.56 33.09 

13.07.2013 Dyscolia 5.9 22.680 0.185 0.729 0.0356 0.0113 2.54 33.03 

13.07.2013 Dyscolia 6.3 22.677 0.198 0.744 0.0260 0.0082 2.53 33.03 

22.07.2013 Dyscolia 6.0 22.722 0.200 0.731 0.0300 0.0094 2.60 33.00 

21.11.2013 Arctica 6.00 23.679 0.240 0.726 0.0267 0.0085 1.53 34.38 

21.11.2013 Arctica 5.00 23.637 0.221 0.705 0.0291 0.0092 1.50 34.38 

22.11.2013 Arctica 4.00 23.507 0.244 0.734 0.0217 0.0069 1.40 34.33 

22.11.2013 Carrara 4.60 18.043 -0.203 0.365 0.0305 0.0096 1.81 29.39 

23.11.2013 Carrara 4.78 18.077 -0.194 0.374 0.0267 0.0085 1.87 29.35 

23.11.2013 Carrara 4.86 17.960 -0.190 0.382 0.0196 0.0062 1.82 29.28 

25.11.2013 Carrara 4.36 18.037 -0.175 0.396 0.0244 0.0077 1.82 29.34 

25.11.2013 Carrara 5.26 17.980 -0.195 0.376 0.0307 0.0097 1.79 29.33 

26.11.2013 Carrara 4.99 18.022 -0.160 0.414 0.0332 0.0105 1.82 29.31 

26.11.2013 Carrara 5.48 18.096 -0.179 0.391 0.0352 0.0111 1.86 29.37 

28.11.2013 Carrara 5.31 18.386 -0.169 0.395 0.0252 0.0080 1.96 29.55 

28.11.2013 Carrara 4.84 17.978 -0.193 0.378 0.0326 0.0103 1.83 29.29 

29.11.2013 Carrara 4.78 17.833 -0.178 0.398 0.0429 0.0136 1.81 29.15 

30.11.2013 Carrara 5.90 18.077 -0.195 0.373 0.0242 0.0076 1.84 29.39 

30.11.2013 MuStd 6.09 23.577 0.239 0.727 0.0422 0.0134 1.54 34.69 

02.12.2013 Carrara 4.51 18.066 -0.194 0.375 0.0460 0.0145 1.83 29.38 

02.12.2013 MuStd 5.14 23.613 0.241 0.728 0.0146 0.0046 1.47 34.80 

03.12.2013 Carrara 4.48 17.993 -0.186 0.385 0.0345 0.0109 1.83 29.30 

03.12.2013 MuStd 5.08 23.767 0.239 0.722 0.0377 0.0119 1.55 34.87 

*daily monitored Carrara marble in-house standard yielded a mean ∆47 value of 0.371 ‰ ± 0.002 ‰ (1σ SE, n = 69). In 

July 2013, the daily monitored in-house standard Dyscolia wyvillei exhibited a mean ∆47 value of 0.731 ‰ ± 0.004 ‰ 

(1σ SE, n=5) and Arctica islandica a ∆47 value of 0.710 ‰ ± 0.007 ‰ (1σ SE, n=13). The long term ∆47 values are 

0.715 ‰ ± 0.002 ‰ (1σ SE, n = 80) for Arctica islandica and 0.713 ‰ ± 0.004 ‰ (1σ SE, n = 24) for Dyscolia 

wyvillei, respectively (Wacker et al., 2014).  

**accepted ∆47 of NBS 19 reported on the absolute scale is 0.392 ‰ ± 0.017 ‰ (Dennis et al., 2011; with an applied 

acid fractionation factor of +0.081 ‰), by applying the theoretical acid fractionation factor of +0.069 ‰ the “accepted” 

value translates into 0.380 ‰ ± 0.017 ‰.  
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Tab. A2.5. Empirical transfer function (ETF) applied during this study with x: intercepts 

of the equilibration and heated gas lines and y: theoretical equilibrium value for ∆47 at the 

corresponding equilibration temperature. 
 ETF period of application 

(a) y=1.1572*x + 0.9408 15.03.2013 
(b) y=1.159*x + 0.9408 18.03.2013 

(c) y=1.173*x + 0.941 from 11.03.2013 to 07.05.2013 
(d) y=1.2078*x + 0.9445 July 2013 
(e) y=1.1211*x + 0.9584 December 2013 

 

Tab. A2.6. Measured isotopic compositions (δ47, ∆47, δ
13C and δ18O values in ‰) of 

pedogenic carbonate samples. 

Date Sample ID 
Sample 

size 
δ47 ∆47, raw 

∆47, 

absolute 

stDev 

∆47, absolute 

se ∆47, 

absolute 
δ

13
C δ

18
O 

  [mg] [‰] [‰] [‰] [‰] [‰] 
[‰, 

VPDB] 
[‰, 

VSMOW] 

15.03.2013 11-KM-106 8.78 -2.410 -0.319 0.687 0.029 0.009 -4.20 14.99 

19.03.2013 11-KM-106 9.49 -2.644 -0.342 0.661 0.021 0.007 -4.19 14.77 

21.03.2013 11-KM-106 8.67 -1.567 -0.305 0.682 0.030 0.010 -4.12 15.75 

26.03.2013 11-KM-106 8.17 -1.856 -0.315 0.676 0.015 0.005 -4.15 15.50 

20.03.2013 11-KM-116 13.01 -3.739 -0.355 0.664 0.021 0.007 -2.12 11.68 

28.03.2013 11-KM-116 13.74 -3.806 -0.329 0.693 0.024 0.008 -2.20 11.67 

10.04.2013 11-KM-116 14.59 -3.658 -0.383 0.627 0.033 0.010 -2.15 11.82 

13.07.2013 11-KM-116 11.70 -3.117 -0.327 0.693 0.006 0.002 -2.05 12.34 

13.07.2013 11-KM-116 16.10 -3.010 -0.302 0.721 0.033 0.010 -1.99 12.37 

22.07.2013 11-KM-116 14.80 -3.311 -0.322 0.693 0.017 0.005 -2.05 12.14 

19.03.2013 11-KM-121 12.53 1.950 -0.274 0.651 0.020 0.006 -3.16 18.33 

21.03.2013 11-KM-121 12.72 2.339 -0.231 0.694 0.026 0.008 -3.08 18.60 

22.03.2013 11-KM-121 12.12 2.277 -0.254 0.669 0.027 0.009 -3.17 18.65 

28.03.2013 11-KM-121 13.09 1.780 -0.246 0.689 0.034 0.011 -3.11 18.09 

02.04.2013 11-KM-121 12.84 2.036 -0.260 0.668 0.013 0.004 -3.19 18.43 

15.04.2013 11-KM-121 16.10 1.803 -0.243 0.693 0.035 0.011 -3.12 18.11 

13.05.2013 11-KM-122A 8.95 1.989 -0.250 0.681 0.040 0.013 -2.87 18.29 

16.05.2013 11-KM-122A 8.85 2.018 -0.259 0.671 0.031 0.010 -2.81 18.27 

17.05.2013 11-KM-122A 8.87 2.065 -0.240 0.692 0.028 0.009 -2.81 17.88 

03.12.2013 11-KM-122A 8.60 3.244 -0.251 0.668 0.030 0.010 -2.93 19.30 

03.12.2013 11-KM-122A 9.00 3.066 -0.246 0.678 0.020 0.006 -2.94 19.13 

16.05.2013 11-KM-122B 10.35 -2.337 -0.319 0.677 0.027 0.009 -3.69 14.83 

17.05.2013 11-KM-122B 13.61 -2.960 -0.330 0.675 0.028 0.009 -3.70 13.82 

02.12.2013 11-KM-122B 9.25 -1.900 -0.359 0.671 0.033 0.010 -3.89 15.21 

03.12.2013 11-KM-122B 8.00 -1.886 -0.350 0.680 0.023 0.007 -3.89 15.21 

12.04.2013 11-KM-127 17.51 -3.561 -0.357 0.656 0.017 0.005 -2.67 12.39 

16.04.2013 11-KM-127 25.18 -3.615 -0.360 0.653 0.028 0.009 -2.66 12.34 

19.04.2013 11-KM-127 28.80 -3.280 -0.337 0.673 0.020 0.006 -2.72 12.70 

07.05.2013 11-KM-127 26.50 -3.522 -0.353 0.658 0.020 0.006 -2.75 12.79 

18.03.2013 11-KM-128B 17.14 -2.658 -0.370 0.633 0.029 0.009 -2.31 12.97 

20.03.2013 11-KM-128B 17.44 -2.872 -0.349 0.655 0.038 0.012 -2.39 12.81 

28.03.2013 11-KM-128B 19.38 -3.297 -0.340 0.672 0.026 0.008 -2.41 12.40 

02.04.2013 11-KM-128B 21.27 -2.770 -0.346 0.655 0.021 0.007 -2.42 12.94 

10.04.2013 11-KM-128B 24.46 -2.946 -0.350 0.653 0.033 0.010 -2.36 12.71 

15.03.2013 11-KM-131 12.37 2.644 -0.251 0.668 0.028 0.009 -2.86 18.71 

20.03.2013 11-KM-131 12.06 3.314 -0.225 0.683 0.021 0.007 -2.76 19.26 

21.03.2013 11-KM-131 12.16 3.397 -0.228 0.678 0.022 0.007 -2.74 19.33 

26.03.2013 11-KM-131 11.98 2.860 -0.225 0.692 0.029 0.009 -2.83 18.87 

12.04.2013 11-KM-134 11.85 3.158 -0.218 0.697 0.044 0.014 -2.54 18.89 

15.04.2013 11-KM-134 13.24 3.303 -0.227 0.684 0.018 0.006 -2.53 19.03 

16.04.2013 11-KM-134 15.87 3.272 -0.240 0.670 0.029 0.009 -2.50 18.98 

19.04.2013 11-KM-134 13.89 2.941 -0.229 0.689 0.026 0.008 -2.55 18.69 



 

 

 

Tab. A2.7. Measured ∆47 values for each sample and calculated temperatures using the calibration of Wacker et al. (2014). 

 11-KM-106 11-KM-134 11-KM-131 11-KM-128B 11-KM-127 11-KM-121 11-KM-116 11-KM-122A 11-KM-122B 

stratigraphic position 
[m above base] 

47.4 27.1 23.9 21 17.1 12.8 4.2 12.9 12.9 

∆47 values [‰] of 
replicate 
measurements 

0.687 0.697 0.668 0.633 0.656 0.651 0.664 0.681 0.677 

0.661 0.684 0.683 0.655 0.653 0.694 0.693 0.671 0.675 

0.682 0.670 0.678 0.672 0.673 0.689 0.627 0.692 0.671 

 0.676 0.689 0.692 0.655 0.658 0.655 0.693 0.668 0.680 

    0.653  0.693 0.721 0.678  

      0.669 0.693   

mean ∆47 [‰] 0.677 0.685 0.680 0.654 0.660 0.675 0.682 0.678 0.0676 

stDev. ∆47 [‰] 0.011 0.012 0.010 0.014 0.009 0.020 0.032 0.009 0.004 

stEr. ∆47 [‰] 0.006 0.006 0.005 0.006 0.004 0.008 0.013 0.004 0.002 

calculated T [°C] 22.7 19.4 21.2 32.2 29.5 23.2 20.6 22.0 22.9 

          

∆47 min [‰] 0.671 0.679 0.675 0.647 0.655 0.667 0.669 0.674 0.0674 

T max [°C] 24.9 21.6 23.1 34.9 31.4 26.5 25.8 23.7 23.7 

          

∆47 max [‰] 0.682 0.691 0.685 0.660 0.664 0.683 0.695 0.682 0.678 

T min [°C] 20.5 17.2 19.3 29.6 27.6 20.1 15.6 20.4 22.1 

          

T error 2σ [°C] 4.4 4.4 3.8 5.4 3.8 6.4 10.2 3.3 1.6 

T error 1σ [°C] 2.2 2.2 1.9 2.7 1.9 3.2 5.1 1.7 0.8 
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Tab. A2.8. U-Pb data.  

grain   206Pba Ub Pbb Thb 238U ±2s 207Pb ±2s 

    (cps) (ppb) (ppb) U 206Pb (%) 206Pb (%) 

Sample 11-KM-124                 
A249   16749 3249 549 0,07 14,01 2,5 0,775 0,9 
A270   217836 959 8421 0,40 0,3111 4,3 0,8386 1,1 

A271   16440 1018 602 0,38 5,295 2,6 0,8183 1,0 
A272   371355 1128 8666 1,67 0,6161 3,7 0,8414 0,6 
A273   18158 2568 846 0,08 9,533 2,7 0,7936 1,1 
A274   92136 1261 2462 0,15 1,379 2,5 0,8372 0,8 

A275   532370 1207 9615 3,18 0,4259 3,2 0,8384 0,9 
A276   212795 806 6151 2,05 0,5354 4,1 0,8400 1,0 
A277   734794 783 8787 1,83 0,3127 3,1 0,8407 1,0 
A278   29961 1878 716 0,14 10,02 3,5 0,7888 0,8 

A279   17294 2641 646 0,07 12,7 3,3 0,7811 1,0 
A280   631266 1932 26830 0,72 0,1739 4,3 0,8396 1,0 
A281   390458 726 10471 1,89 0,2133 4,0 0,8395 0,9 
A282   638942 814 15956 1,85 0,173 3,6 0,8400 1,1 

A294   361174 782 12006 1,75 0,2028 6,0 0,8407 1,3 
A295   393043 1085 11244 2,63 0,2914 4,1 0,8384 1,7 
A296   525399 697 7293 2,18 0,3899 13 0,8376 1,7 
A298   72196 34 1636 0,01 0,09763 10 0,8423 2,1 

A299   1568485 450 23053 0,01 0,1195 7 0,8398 0,9 
A300   1575996 134 162655 0,02 0,0082 18 0,8423 1,2 
A301   1571893 181 123116 0,05 0,2618 21 0,8373 1,0 
A305   1803512 633 91494 4,07 0,02112 2,1 0,8438 1,2 

A156   6199 1341 129 0,21 30,78 2,7 0,6811 2,0 
A157   288788 1232 7293 1,92 0,5317 1,4 0,8360 0,6 
A158   268195 1128 6776 1,65 0,5304 1,4 0,8378 0,6 
A159   219813 868 5224 1,87 0,5614 2,6 0,8386 0,7 

A160   235118 1034 4964 2,00 0,8165 1,7 0,8382 0,6 
A161   274435 461 2696 2,29 0,6552 1,9 0,8422 0,6 
A162   216886 924 2198 0,88 1,536 2,1 0,8301 0,6 
A163   346359 579 3893 2,03 0,4836 1,5 0,8412 0,7 

A164   291476 547 2958 1,72 0,6803 1,4 0,8414 0,6 
A165   344472 618 4050 1,72 0,4761 1,5 0,8409 0,6 
A166   334033 1039 3270 1,54 1,215 1,6 0,8315 0,5 
A167   312394 888 3514 1,39 0,824 1,7 0,8344 0,6 
A168   381476 1225 3464 1,30 1,532 2,1 0,8326 0,6 

A169   279996 774 3106 1,61 0,8566 1,4 0,8382 0,7 
A170   383661 666 4147 3,31 0,5531 1,5 0,8425 0,6 
A171   346944 474 3929 3,48 0,3918 1,7 0,8443 0,9 
A172   5712 829 57 0,12 35,44 2,7 0,6703 2,3 

A206   268842 1090 2807 0,02 0,9878 2,8 0,8416 0,6 
A207   57665 1079 641 0,14 4,099 2,7 0,8237 0,8 
A208   336698 1421 8697 0,19 0,9556 2,9 0,8383 0,7 
A209   55860 823 919 0,22 2,197 3,7 0,834 0,7 

A210   253660 941 3243 0,29 0,9477 3,2 0,8426 0,8 
A211   51273 1028 563 0,23 4,935 4,0 0,8243 0,7 
A212   22568 940 305 0,16 8,84 1,8 0,7955 0,8 
A213   36727 1743 572 0,11 8,821 2,5 0,7999 0,8 

A214   24168 1339 318 0,11 11,51 2,4 0,7882 0,6 
A215   122628 1374 1073 0,10 3,406 2,7 0,8234 0,9 
A216   53468 1652 558 0,11 9,787 2,1 0,7983 0,6 
A217   36436 1306 453 0,10 8,185 2,9 0,8018 0,6 

A218   33890 1679 512 0,09 8,641 2,1 0,8045 0,8 
A219   2582887 2482 35439 0,01 0,1925 2,0 0,8446 0,5 
A220   67810 1320 718 0,11 5,511 3,9 0,8145 0,7 
A221   1370500 917 15497 1,72 0,1309 1,6 0,8426 0,6 

A222   1050847 919 15855 1,87 0,1427 2,7 0,8418 0,9 
A223   759048 1421 9643 0,99 0,4547 2,9 0,8387 0,7 
A274   882061 3230 26735 0,50 0,3798 3,4 0,8436 1,1 
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A275   954599 1508 27122 0,91 0,157 3,3 0,8422 0,8 

A276   1583417 2680 60987 0,57 0,1784 4,1 0,8471 1,0 
A277   1876265 1298 77224 1,31 0,04982 2,0 0,8452 0,7 

Sample 11-KM-122                 
A59   24351 1012 402 0,00 15,96 9,0 0,7839 2,2 
A60   1507459 801 22084 0,00 0,1905 3,2 0,8602 0,4 

A61   14658 1265 448 0,00 26,95 2,6 0,7258 0,6 
A62   353497 1285 7083 0,00 0,523 3,0 0,8602 0,5 
A63   50335 155 706 0,00 4,507 2,9 0,8484 3,8 
A64   274427 223 3231 0,00 0,2947 4,0 0,8515 2,6 

A65   495607 1123 1200 0,00 10,4 3,4 0,8114 1,4 
A72   9622 1787 112 0,00 51,39 2,5 0,6064 0,8 
A73   246333 1106 2270 0,00 1,46 4,2 0,8584 1,2 
A74   24172 1482 505 0,00 15,67 2,7 0,7853 1,2 

A75   103594 327 1750 0,00 0,8245 2,8 0,8577 0,6 
A76   109362 662 1225 0,00 13,34 2,6 0,7877 0,9 
A77   101611 618 1716 0,00 1,834 3,1 0,8620 0,9 
A78   77958 1205 988 0,00 4,655 3,1 0,8377 2,7 

A79   38186 1113 832 0,00 6,655 3,4 0,8173 1,8 
A80   81977 727 923 0,00 2,359 3,6 0,8478 2,0 
A81   223191 337 4891 0,01 0,2407 2,9 0,8596 0,5 
A82   21787 707 290 0,00 20,22 4,2 0,7574 0,8 

A83   35614 872 828 0,00 3,314 3,7 0,8451 1,0 
A84   513361 750 10524 0,00 0,2182 3,4 0,8637 0,6 
A85   496479 1123 10563 0,00 0,2379 2,8 0,8623 0,7 
A86   594123 803 10728 0,00 0,1661 3,5 0,8579 0,6 

A87   350235 702 8173 0,00 0,197 3,5 0,8628 0,6 
A88   270098 1469 6664 0,00 0,7561 6,0 0,8581 0,3 
A89   322911 1087 7708 0,00 0,8099 3,7 0,8558 0,5 
A90   190553 540 2158 0,01 0,8616 3,9 0,8542 0,4 

A091   8978 466 220 0,00 18,62 4,8 0,7728 0,7 
A92   38780 563 1050 0,01 1,742 4,1 0,8517 0,8 
A93   247385 789 2861 0,21 1,167 4,1 0,8579 0,4 
A94   66643 1504 1072 0,11 14,04 5,0 0,7858 1,3 
A95   139835 3444 2444 0,72 10,63 4,3 0,8089 0,7 

A96   125555 594 1923 0,85 1,303 2,7 0,8524 0,5 
A97   388655 1012 3597 0,00 0,8648 3,7 0,8573 0,7 
A98   12724 802 264 0,00 29,91 3,3 0,7068 1,0 
A99   37101 1128 641 0,00 14,89 4,2 0,7764 1,1 

A100   98416 1197 472 0,00 28,58 3,6 0,7112 0,6 
A101   544950 1167 12041 0,00 0,3068 4,1 0,8588 0,3 
A107   92612 1194 1613 0,00 3,217 3,4 0,8429 0,4 
A108   605780 716 13692 0,00 0,145 3,7 0,8626 0,4 

A206   268842 1090 2810 0,02 0,9878 2,8 0,8449 0,6 
A207   57665 1079 641 0,14 4,099 2,7 0,8237 0,8 
A208   336698 1421 8697 0,19 0,9556 2,9 0,8383 0,7 
A209   55860 823 919 0,22 2,197 3,7 0,8340 0,7 

A210   253660 941 3246 0,29 0,9477 3,2 0,8464 0,8 
A211   51273 1028 563 0,23 4,935 4,0 0,8243 0,7 
A212   22568 940 306 0,16 8,84 1,8 0,8055 0,8 
A213   36727 1743 572 0,11 8,821 2,5 0,7999 0,8 

A214   24168 1339 318 0,11 11,51 2,4 0,7912 0,6 
A215   122628 1374 1229 0,10 2,756 2,7 0,8365 0,9 
A216   53468 1652 558 0,11 9,787 2,1 0,7983 0,6 
A217   36436 1306 453 0,10 8,185 2,9 0,8018 0,6 

A218   33890 1679 512 0,09 8,641 2,1 0,8045 0,8 
A219   2582887 2482 35506 0,01 0,1925 2,0 0,8507 0,5 
A220   67810 1320 719 0,11 5,511 3,9 0,8195 0,7 
A221   1370500 917 15519 1,72 0,1309 1,6 0,8463 0,6 

A222   1050847 919 15861 1,87 0,1427 2,7 0,8428 0,9 
A223   759048 1421 9651 0,99 0,4547 2,9 0,8417 0,7 
A274   882061 3230 26735 0,50 0,3798 3,4 0,8436 1,1 
A275   954599 1508 27122 0,91 0,157 3,3 0,8422 0,8 

A276   1583417 2680 60987 0,57 0,1784 4,1 0,8471 1,0 
A277   1876265 1298 77224 1,31 0,04982 2,0 0,8452 0,7 
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Zechstein Dolomite, Gypsum pit, Tettenborn, Germany         
A281   42160 2589 418 0,06 14,89 1,1 0,3588 1,7 

A282   101435 2581 1076 0,06 6,649 3,7 0,6360 2,7 
A288   334870 2171 4643 0,06 1,998 7,0 0,7943 6,2 
A289   43888 2584 299 0,06 16,63 3,6 0,2993 4,0 
A290   63589 3115 486 0,05 15,24 4,6 0,3608 5,0 

A291   53792 2719 506 0,05 15,99 2,7 0,3180 4,8 
A292   38939 2782 344 0,05 16,11 2,6 0,3048 4,8 
A293   74942 2156 714 0,07 8,953 1,5 0,5445 0,8 
A294   66511 2732 624 0,06 10,76 2,1 0,4988 2,0 

A295   71956 3130 737 0,05 10,91 4,8 0,4841 3,7 
A296   123930 3085 1144 0,06 7,045 2,6 0,6005 2,5 
A297   193173 4573 1227 0,11 9,925 3,1 0,5130 4,6 
A298   53086 2981 443 0,06 14,32 1,7 0,3883 2,0 

A299   107994 2821 773 0,08 8,095 1,9 0,5657 5,0 
A300   9248 728 183 0,06 8,513 1,6 0,5788 4,0 
A301   20256 623 468 0,04 2,897 2,0 0,7388 2,8 

A06   372518 2698 4745 0,05 1,825 2,7 0,7799 1,1 
A07   135730 2763 1617 0,06 4,954 2,1 0,6796 1,9 
A08   61385 2006 686 0,06 8,018 2,4 0,5819 1,4 
A09   50807 2714 438 0,05 12,95 1,3 0,4232 1,7 

A10   58487 2781 528 0,06 12,07 2,7 0,4659 1,6 
A11   991053 5098 13933 0,24 1,162 3,5 0,8039 0,7 
A12   150551 2968 1796 0,06 4,826 3,3 0,6813 1,2 
A13   168159 2349 2050 0,07 3,433 3,9 0,7212 1,0 
A14   104433 2306 1203 0,05 5,387 3,4 0,6604 0,9 

A15   113536 2629 1218 0,06 5,879 1,6 0,6456 1,0 
A16   401780 2785 5996 0,05 1,759 2,6 0,7855 1,7 
A17   67343 2334 559 0,05 9,654 1,5 0,5245 1,7 
A18   643016 2317 11783 0,09 0,5124 2,2 0,8244 1,1 

A19   35660 2592 351 0,04 17,45 1,1 0,2796 2,7 
A20   114893 2650 642 0,05 10,8 2,8 0,4891 1,3 
A21   55888 2313 498 0,07 11,04 3,1 0,4851 3,5 
A156   317472 3539 1762 0,10 4,629 3,8 0,6713 1,8 

A157   175544 2827 996 0,06 6,007 2,8 0,6246 1,6 
A158   231598 3147 1324 0,11 7,116 3,1 0,5924 1,0 
A159   188635 3275 1195 0,08 6,891 3,4 0,5964 1,1 
A160   169643 3274 951 0,06 8,678 2,8 0,5443 1,1 

A161   466323 3407 2581 0,10 4,22 2,7 0,6787 0,8 
A162   393114 2949 2536 0,07 2,677 2,4 0,7237 1,2 
A05   280555 3135 952 0,09 6,871 3,1 0,5951 1,4 
A37   109736 2539 447 0,09 12,37 2,4 0,4298 1,3 

A71   206950 2867 980 0,20 6,451 2,8 0,6012 1,9 
A106   288793 3162 1192 0,17 6,79 3,5 0,5984 1,8 

WC-1 calcite reference (251±2Ma; E.T. Rasbury, pers. comm. 2014)     
WC-1 05 55458 2367 107 0,00 24,74 1,3 0,05076 1,3 
WC-1 06 62582 2747 120 0,00 25,17 1,2 0,05159 0,9 

WC-1 37 50215 2150 91 0,00 24,75 1,2 0,05090 1,0 
WC-1 38 43138 1804 86 0,00 24,86 1,3 0,05060 3,5 
WC-1 71 49421 2146 93 0,00 24,85 1,3 0,05088 0,9 
WC-1  A72 54912 2396 107 0,00 25,33 1,3 0,05097 1,0 

WC-1 106 50682 2246 96 0,00 25,14 1,3 0,05138 1,0 
WC-1  107 52773 2359 100 0,00 25,02 1,2 0,05124 1,0 
WC-1 150 55357 2526 111 0,00 25,29 1,2 0,05114 0,9 
WC-1  151 48636 2231 95 0,00 25,40 1,3 0,05165 1,2 

WC-1 198 55430 2536 111 0,00 25,25 1,2 0,05084 2,4 
WC-1  199 56601 2643 113 0,00 25,59 1,2 0,05183 0,9 
WC-1  243 49335 2375 102 0,00 25,05 1,3 0,05108 1,0 
WC-1 287 42988 2123 92 0,00 25,14 1,3 0,05096 1,4 

WC-1 331 48459 2505 103 0,00 25,45 1,2 0,05139 1,1 
WC-1 376 76476 2755 213 0,00 24,95 1,4 0,05049 1,2 
WC-1 05 37814 597 26 0,00 25,15 1,6 0,04944 1,3 
WC-1 22 45048 741 31 0,00 25,16 1,6 0,05180 1,0 

WC-1 35 50528 844 35 0,00 25,22 1,5 0,04780 0,9 
WC-1 36 48062 798 34 0,00 25,00 1,6 0,05195 1,0 
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WC-1 43 38644 647 27 0,00 25,11 1,6 0,05103 1,2 

WC-1 44 44438 746 31 0,00 25,14 1,6 0,05172 1,4 
WC-1 45 46173 776 34 0,00 25,41 1,6 0,05169 1,4 
WC-1 110 59809 992 42 0,00 24,72 1,5 0,05017 0,9 
WC-1 150 45008 774 33 0,00 25,13 1,6 0,05108 1,1 

WC-1 198 44764 755 33 0,00 24,88 1,6 0,05064 1,4 

Spot size = 213 µm; depth of crater ~15µm.  206Pb/238U error is the quadratic additions of the within run precision (2 

SE) and the external reproducibility (2 SD) of the NIST SRM-614 reference. 207Pb/206Pb error propagation (207Pb signal 

dependent) following Gerdes & Zeh (2009). 207Pb/235U error is the quadratic addition of the 207Pb/206Pb and 206Pb/238U 

uncertainty. 
aWithin run background-corrected mean 207Pb signal in cps (counts per second). 
b U and Pb content and Th/U ratio were calculated relative to NIST SRM-614 soda lime glass. 

 

 

Tab. A2.9. Calculated oxygen isotopic ratios of soil water using calcite-water 

fractionation coefficients of Kim and O’Neil (1997), measured ∆47 temperatures, and 

GasBench δ18O values. 

 
stratigraphic 

position 
calculated T T 1σ error 

mean δ18O 

(GasBench 

data) 

δ
18O 

soil water 

δ
18O soil water 

1σ error 

 
[m above 

base] 
[°C] [°C] [‰, VSMOW] [‰, VSMOW] [‰, VSMOW] 

11-KM-106 47.4 22.7 2.2 15.3 -13.3 -0.45 

11-KM-134 27.1 19.4 2.2 19.4 -9.9 -0.46 

11-KM-131 23.9 21.2 1.9 18.8 -10.1 -0.40 

11-KM-128B 21 32.2 2.7 12.8 -13.9 -0.51 

11-KM-127 17.1 29.5 1.9 12.5 -14.7 -0.37 

11-KM-121 12.8 23.2 3.2 18.7 -9.7 -0.66 

11-KM-116 4.2 20.6 5.1 12.0 -16.9 -1.07 
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Analytical Techniques 

Oxygen and carbon isotope analysis of lacustrine and paleosol carbonate were performed 

following the phosphoric acid digestion method of McCrea (1950) using continuous flow 

gas mass spectrometry (Spötl and Vennemann, 2003). Between 0.1 and 0.3 mg of sample 

material was loaded in sealed reaction vessels, flushed with helium gas, and reacted at 72 

°C. The evolved carbon dioxide in the vial headspace was sampled using a Finnigan Gas-

Bench and isotope ratios were measured either at the Stanford University Stable Isotope 

Biogeochemistry Laboratory (Elko Basin) on a Finnigan MAT Delta+ XL mass 

spectrometer or the Joint BiK-F - Goethe University Stable Isotope Facility at the 

Institute of Geosciences, Goethe University Frankfurt (Sage Creek Basin) on a Finnigan 

MAT 253 mass spectrometer. Replicate analyses of NBS-19 and MERCK carbonate 

standards yielded a precision for δ18O and δ13C of ±0.1 ‰. All isotopic results are 

reported in standard delta notation and corrected to VSMOW (δ18O) or PDB (δ13C). 

87Sr/86Sr ratios were measured on pedogenic and lacustrine carbonates (carbonate 

fraction) of the Elko and Indian Wells Formation. Carbonate minerals were leached from 

the sample powders in closed Savillex beakers at 70 °C using 1 mol l-1 acetic acid. Major 

element concentrations of the carbonate leachates were measured on small aliquots using 

optical emission spectroscopy (ICP-OES). Sr purification of the samples occured in two 

consecutive ion exchange chromatography steps using Dowex AG 50W-X8 cation 

exchange and Bio-Rad Sr-spec crown ether resins. Sr isotope ratio measurements were 

performed by solution MC-ICP-MS at Leibniz University Hannover. Spectral 

interferences of Kr from the plasma carrier gas on sample strontium were corrected by 

on-peak-zero measurements on blank solutions. If necessary, additional corrections of 
84Kr on 84Sr and 86Kr on 86Sr were performed during Sr isotope measurements by 

monitoring 82Kr+ as well as the 83Kr+ intensities during the sample runs. Similarly, 

residual Rb in the Sr separate was monitored by measuring the 85Rb+ intensity during 

sample runs and correction of the spectral interference of 87Rb on 87Sr was carried out if 

necessary. The instrumental mass bias was corrected using an exponential law and a 

natural 88Sr/86Sr ratio of 8.375209. 12 control measurements of the international standard 

NIST SRM987 performed during the course of this study yielded an average 87Sr/86Sr 

ratio of 0.710248±0.000045, which is in the range of published values obtained by 

thermal ionization mass spectrometry. Rb and Sr concentrations of the bulk rock samples 

were determined by ICP-OES on the above-mentioned aliquots and 87Rb/86Sr ratios were 

calculated using the natural isotope abundances of rubidium (IUPAC report) and the Sr 

isotope composition of the samples. 

40Ar/39Ar analyses were performed at the USGS in Denver, CO. High purity mineral 

grains of sample and standard were irradiated in separate irradiations of 3 and 20 
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megawatt hours, respectively, in the central thimble position of the USGS TRIGA reactor 

using cadmium lining to prevent nucleogenic production of 40Ar. The neutron flux was 

monitored using Fish Canyon Tuff sanidine, with an age of 28.20 ±0.08 Ma (Kuiper et al., 

2008) and isotopic production ratios were determined from irradiated CaF2 and KCl salts. 

The irradiated samples and standards were loaded into 3 mm wells within a stainless steel 

planchette attached to a fully automated ultra high vacuum extraction stainless steel line. 

Samples were incrementally heated and/or fused using a 25W CO2 laser equipped with a 

beam-homogenizing lens. The gas was expanded and purified by exposure to a cryogenic 

trap maintained at -135 °C and two hot SAES GP50 getters. Following purification, the 

gas was expanded into a Mass Analyser Products 215-50 mass spectrometer and argon 

isotopes were measured by peak jumping using an electron multiplier operated in analog 

mode. Data were acquired during 10 cycles and time zero intercepts were determined by 

best-fit regressions to the data. Ages were calculated from data corrected for mass 

discrimination, blanks, radioactive decay subsequent to irradiation, and interfering 

nucleogenic reactions. Trademarks are for reference only and do not necessarily imply 

endorsement by the USGS. 
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Tab. A3.1. 
40Ar/39Ar geochronological data. 

CO2 Laser Relative Isotopic Abundances (amps x 10
-11

) Derived Results 

Energy 40
Ar ±1σ 

39
Ar ±1σ 

38
Ar ±1σ 

37
Ar ±1σ 

36
Ar ±1σ 

39
Ar Mol 

39
Ar % 

40
Ar

*
/
39

Ar %
40

Ar
*
 Age (Ma) 

(Watts) x 10
-14

 of total  ±1σ   ±1σ 

NV-IW-21-07, biotite, J = 0.004110 ± 0.000016 

0.3 2.9146 0.0194 0.4583 0.0038 0.0094 0.0007 0.0055 0.0021 0.0017 0.0009 0.010 1.2 5.29 0.59 83.3 38.8 4.3 

0.5 7.5802 0.0561 1.2830 0.0068 0.0211 0.0007 0.0075 0.0019 0.0019 0.0009 0.028 3.2 5.48 0.22 92.8 40.2 1.6 

0.7 13.0602 0.0367 2.3104 0.0110 0.0366 0.0009 0.0083 0.0024 0.0018 0.0009 0.051 5.8 5.42 0.12 96.0 39.7 0.9 

0.9 16.2246 0.0454 2.9518 0.0064 0.0450 0.0010 0.0066 0.0022 0.0012 0.0009 0.065 7.5 5.37 0.09 97.8 39.4 0.7 

1.1 15.8829 0.0255 2.9553 0.0054 0.0461 0.0009 0.0021 0.0023 0.0010 0.0009 0.065 7.5 5.27 0.09 98.1 38.6 0.7 

1.3 24.3686 0.0610 4.5905 0.0072 0.0692 0.0011 0.0033 0.0023 0.0022 0.0009 0.102 11.6 5.16 0.06 97.4 37.9 0.4 

1.5 24.1495 0.0748 4.5167 0.0076 0.0674 0.0016 0.0128 0.0022 0.0020 0.0009 0.100 11.4 5.21 0.06 97.6 38.2 0.4 

1.7 31.3283 0.0778 5.8717 0.0098 0.0911 0.0011 0.0155 0.0024 0.0033 0.0009 0.130 14.8 5.17 0.05 97.0 37.9 0.3 

1.9 77.6209 0.1006 14.6664 0.0110 0.2221 0.0017 0.0471 0.0027 0.0060 0.0009 0.325 37.0 5.17 0.02 97.8 37.9 0.1 

NV-IW-21-07 2, biotite, J = 0.004110 ± 0.000016 

0.1 7.5948 0.0286 0.6883 0.0052 0.0180 0.0012 0.0034 0.0016 0.0128 0.0008 0.015 1.2 5.49 0.36 49.8 40.3 2.6 

0.5 19.7458 0.0617 2.8179 0.0048 0.0500 0.0010 0.0073 0.0019 0.0173 0.0008 0.062 4.9 5.17 0.09 73.9 37.9 0.6 

0.9 45.6976 0.0716 8.0186 0.0088 0.1272 0.0014 0.0083 0.0018 0.0114 0.0008 0.178 14.0 5.27 0.03 92.6 38.6 0.2 

1.3 83.7628 0.1403 15.2538 0.0101 0.2343 0.0016 0.0095 0.0023 0.0112 0.0008 0.338 26.7 5.26 0.02 96.0 38.6 0.1 

1.5 84.8064 0.1104 15.9055 0.0140 0.2516 0.0018 0.0292 0.0017 0.0071 0.0008 0.352 27.8 5.19 0.02 97.5 38.1 0.1 

1.7 12.1567 0.0248 2.2385 0.0047 0.0339 0.0009 0.0047 0.0029 0.0004 0.0008 0.050 3.9 5.37 0.10 99.1 39.4 0.7 

1.9 11.3768 0.0212 2.1161 0.0076 0.0316 0.0008 0.0052 0.0020 0.0010 0.0008 0.047 3.7 5.23 0.11 97.5 38.4 0.8 

2.2 12.2773 0.0230 2.2978 0.0048 0.0353 0.0010 0.0060 0.0016 0.0004 0.0008 0.051 4.0 5.29 0.10 99.1 38.8 0.7 

2.5 13.6156 0.0286 2.5050 0.0057 0.0372 0.0009 0.0088 0.0017 0.0015 0.0008 0.055 4.4 5.25 0.09 96.8 38.5 0.7 

3.0 28.2458 0.0726 5.2957 0.0079 0.0816 0.0012 0.0018 0.0019 0.0013 0.0008 0.117 9.3 5.25 0.05 98.7 38.5 0.3 

NV-IW-03-07, biotite, J = 0.004110 ± 0.000016 

0.1 10.7399 0.0463 1.3059 0.0110 0.0242 0.0008 0.0106 0.0021 0.0172 0.0009 0.029 4.2 4.30 0.20 52.3 31.6 1.5 

0.3 10.3259 0.0292 1.6140 0.0043 0.0263 0.0008 0.0088 0.0020 0.0076 0.0008 0.036 5.2 4.99 0.16 78.1 36.6 1.1 

0.5 15.3138 0.0310 2.6155 0.0066 0.0416 0.0009 0.0070 0.0018 0.0077 0.0009 0.058 8.4 4.97 0.10 85.0 36.5 0.7 

0.7 22.5614 0.0581 3.8494 0.0096 0.0596 0.0012 0.0081 0.0027 0.0087 0.0009 0.085 12.4 5.18 0.07 88.6 38.0 0.5 

0.9 27.2018 0.0709 4.6585 0.0130 0.0724 0.0011 0.0082 0.0021 0.0094 0.0009 0.103 15.0 5.23 0.06 89.8 38.4 0.4 

1.1 21.7068 0.0719 3.7712 0.0061 0.0594 0.0009 0.0047 0.0017 0.0083 0.0009 0.084 12.1 5.09 0.07 88.6 37.4 0.5 

1.3 20.4153 0.0630 3.6637 0.0100 0.0576 0.0011 0.0071 0.0018 0.0062 0.0008 0.081 11.8 5.07 0.07 91.0 37.2 0.5 



 

 

1.5 17.9478 0.0610 3.2721 0.0065 0.0482 0.0013 0.0023 0.0021 0.0037 0.0008 0.072 10.5 5.14 0.08 93.8 37.7 0.6 

1.7 34.4721 0.0699 5.8697 0.0130 0.0906 0.0010 0.0054 0.0019 0.0167 0.0009 0.130 18.9 5.02 0.05 85.6 36.8 0.3 

1.9 2.3309 0.0186 0.4428 0.0020 0.0043 0.0007 0.0000 0.0019 0.0004 0.0008 0.010 1.4 4.99 0.57 94.9 36.6 4.1 

NV-IW-03-07 2. biotite. J = 0.004110 ± 0.000016 

0.1 3.2742 0.0471 0.3406 0.0020 0.0086 0.0021 0.0062 0.0019 0.0062 0.0009 0.008 0.5 4.19 0.79 43.6 30.8 5.7 

0.5 16.2264 0.0490 2.6038 0.0080 0.0538 0.0016 0.0223 0.0020 0.0086 0.0009 0.058 4.2 5.25 0.10 84.4 38.5 0.8 

0.9 39.2730 0.1503 7.0258 0.0290 0.1066 0.0014 0.0225 0.0023 0.0080 0.0009 0.156 11.3 5.25 0.05 94.0 38.5 0.4 

1.3 71.7473 0.1304 13.0482 0.0170 0.1991 0.0017 0.0424 0.0019 0.0071 0.0009 0.289 21.0 5.33 0.02 97.1 39.1 0.2 

1.5 64.5606 0.1105 12.0997 0.0190 0.1771 0.0027 0.0439 0.0018 0.0043 0.0009 0.268 19.5 5.23 0.03 98.1 38.3 0.2 

1.7 63.5830 0.0826 12.0650 0.0190 0.1817 0.0014 0.0456 0.0018 0.0054 0.0009 0.267 19.4 5.13 0.02 97.6 37.7 0.2 

1.9 2.0417 0.0224 0.3993 0.0022 0.0050 0.0011 0.0061 0.0017 0.0011 0.0008 0.009 0.6 4.34 0.63 85.0 31.9 4.6 

2.2 4.2203 0.0224 0.8078 0.0030 0.0140 0.0007 0.0117 0.0016 0.0019 0.0008 0.018 1.3 4.52 0.31 86.7 33.2 2.3 

2.5 14.3050 0.0326 2.7231 0.0054 0.0432 0.0009 0.0175 0.0018 0.0046 0.0009 0.060 4.4 4.75 0.10 90.6 34.9 0.7 

3.0 33.5291 0.0806 6.3845 0.0083 0.0970 0.0013 0.0374 0.0020 0.0032 0.0008 0.141 10.3 5.10 0.04 97.3 37.5 0.3 

3.5 24.8873 0.0559 4.6869 0.0058 0.0686 0.0011 0.0269 0.0020 0.0027 0.0009 0.104 7.5 5.14 0.06 96.9 37.7 0.4 

NV-EF-027-07. biotite. J = 0.004110 ± 0.000016 

0.3 25.2931 0.0602 3.3270 0.0087 0.0629 0.0010 0.0049 0.0022 0.0277 0.0010 0.074 2.4 5.11 0.10 67.4 37.5 0.7 

0.5 52.6442 0.1107 8.3255 0.0160 0.1489 0.0024 0.0027 0.0019 0.0248 0.0010 0.184 6.1 5.43 0.04 85.9 39.8 0.3 

0.7 77.4033 0.1206 13.3065 0.0190 0.2253 0.0034 0.0064 0.0024 0.0146 0.0010 0.295 9.8 5.48 0.03 94.4 40.2 0.2 

0.8 55.5142 0.1605 9.6234 0.0150 0.1635 0.0017 0.0038 0.0019 0.0065 0.0010 0.213 7.1 5.56 0.04 96.5 40.8 0.3 

0.9 45.1886 0.1505 7.8744 0.0150 0.1295 0.0014 0.0011 0.0018 0.0037 0.0010 0.174 5.8 5.59 0.04 97.6 41.0 0.3 

1.0 51.7452 0.1306 9.1853 0.0200 0.1530 0.0015 0.0046 0.0020 0.0062 0.0009 0.203 6.8 5.43 0.04 96.5 39.8 0.3 

1.2 73.5050 0.1605 13.0239 0.0260 0.2138 0.0015 0.0099 0.0020 0.0050 0.0010 0.288 9.6 5.52 0.03 98.0 40.5 0.2 

1.4 122.5193 0.2703 21.6652 0.0430 0.3597 0.0024 0.0154 0.0025 0.0050 0.0010 0.480 15.9 5.58 0.02 98.8 40.9 0.2 

1.6 278.6060 0.3502 49.6748 0.0540 0.8282 0.0034 0.0574 0.0021 0.0093 0.0010 1.100 36.5 5.55 0.01 99.0 40.7 0.1 

NV-EF-027-07 2. biotite. J = 0.004110 ± 0.000016 

0.4 20.0666 0.0968 2.3282 0.0078 0.0461 0.0016 0.0028 0.0019 0.0329 0.0009 0.052 2.9 4.39 0.12 51.0 32.3 0.9 

0.8 73.3222 0.0987 11.3819 0.0110 0.1966 0.0029 0.0111 0.0016 0.0434 0.0009 0.252 14.1 5.30 0.03 82.4 38.9 0.2 

1.0 57.9979 0.0809 9.9842 0.0120 0.1750 0.0028 0.0071 0.0016 0.0102 0.0008 0.221 12.4 5.50 0.03 94.8 40.3 0.2 

1.2 58.6426 0.0997 10.4241 0.0096 0.1780 0.0013 0.0112 0.0019 0.0083 0.0009 0.231 12.9 5.38 0.03 95.8 39.5 0.2 

1.4 69.8771 0.1206 12.4258 0.0120 0.2093 0.0018 0.0122 0.0019 0.0055 0.0009 0.275 15.4 5.48 0.02 97.7 40.2 0.2 

1.6 86.0038 0.1107 15.5377 0.0230 0.2595 0.0018 0.0681 0.0024 0.0053 0.0008 0.344 19.3 5.43 0.02 98.3 39.8 0.1 

1.8 56.9971 0.1107 10.2673 0.0200 0.1802 0.0041 0.0858 0.0024 0.0036 0.0009 0.227 12.7 5.45 0.03 98.3 40.0 0.2 

2.0 24.0650 0.0710 4.3488 0.0075 0.0800 0.0010 0.0721 0.0023 0.0021 0.0008 0.096 5.4 5.40 0.06 97.8 39.6 0.4 



 

 

2.5 21.9429 0.0485 3.9390 0.0054 0.0729 0.0011 0.0840 0.0030 0.0033 0.0008 0.087 4.9 5.34 0.07 96.0 39.2 0.5 

NV-EF-027-07 3. biotite. J = 0.004110 ± 0.000016 

0.6 79.3274 0.1503 9.1538 0.0190 0.1642 0.0031 0.0118 0.0024 0.1147 0.0010 0.203 8.7 4.92 0.04 56.8 36.1 0.3 

1.0 126.7280 0.1503 19.9452 0.0260 0.3452 0.0019 0.0170 0.0021 0.0583 0.0009 0.442 19.0 5.47 0.02 86.3 40.1 0.1 

1.2 75.6785 0.1204 12.7684 0.0200 0.2075 0.0029 0.0081 0.0019 0.0168 0.0008 0.283 12.2 5.53 0.02 93.4 40.5 0.2 

1.4 75.3375 0.1104 12.8062 0.0130 0.2144 0.0019 0.0111 0.0019 0.0125 0.0008 0.284 12.2 5.59 0.02 95.1 40.9 0.2 

1.6 142.8893 0.1603 25.0195 0.0650 0.4204 0.0019 0.0544 0.0023 0.0157 0.0008 0.554 23.8 5.52 0.02 96.8 40.5 0.1 

1.8 86.7704 0.1005 15.4299 0.0210 0.2597 0.0019 0.0348 0.0021 0.0055 0.0008 0.342 14.7 5.51 0.02 98.2 40.4 0.1 

2.0 11.1886 0.0278 2.0041 0.0050 0.0333 0.0008 0.0100 0.0024 0.0003 0.0007 0.044 1.9 5.53 0.11 99.3 40.6 0.8 

2.5 32.6791 0.1304 5.7420 0.0085 0.0980 0.0012 0.0630 0.0026 0.0022 0.0007 0.127 5.5 5.58 0.05 98.2 40.9 0.3 

3.0 12.4743 0.0241 2.1984 0.0078 0.0380 0.0009 0.0443 0.0023 0.0005 0.0008 0.049 2.1 5.63 0.11 99.3 41.3 0.8 

NV-EF-25-07. biotite. J = 0.004128 ± 0.000018 

0.1 80.5536 0.1204 2.4199 0.0051 0.0881 0.0013 0.0000 0.0010 0.2565 0.0014 0.054 12.5 1.64 0.19  4.9 12.1 1.4 

0.1 22.8675 0.0965 1.0803 0.0035 0.0293 0.0010 0.0000 0.0012 0.0652 0.0011 0.024 5.6 3.14 0.32 14.8 23.2 2.3 

0.1 16.0520 0.0307 0.8901 0.0051 0.0231 0.0009 0.0000 0.0013 0.0443 0.0010 0.020 4.6 3.16 0.34 17.5 23.3 2.5 

0.2 11.8397 0.0180 0.7745 0.0031 0.0194 0.0008 0.0000 0.0013 0.0311 0.0010 0.017 4.0 3.31 0.39 21.7 24.5 2.8 

0.2 13.7190 0.0383 0.9686 0.0034 0.0213 0.0009 0.0000 0.0012 0.0330 0.0010 0.021 5.0 3.99 0.32 28.2 29.5 2.4 

0.3 10.3642 0.0481 0.8423 0.0031 0.0171 0.0009 0.0000 0.0012 0.0208 0.0010 0.019 4.3 4.91 0.35 39.9 36.2 2.5 

0.3 21.9037 0.0638 2.1272 0.0047 0.0421 0.0010 0.0000 0.0013 0.0375 0.0010 0.047 10.9 5.02 0.14 48.8 37.0 1.1 

0.4 14.1386 0.0242 1.6264 0.0044 0.0302 0.0010 0.0000 0.0012 0.0187 0.0010 0.036 8.4 5.26 0.18 60.5 38.7 1.3 

0.4 15.4623 0.0180 1.8563 0.0042 0.0310 0.0010 0.0000 0.0013 0.0188 0.0010 0.041 9.6 5.31 0.16 63.8 39.1 1.2 

0.5 12.1898 0.0520 1.4746 0.0042 0.0272 0.0009 0.0000 0.0012 0.0139 0.0010 0.033 7.6 5.44 0.20 65.9 40.1 1.5 

0.6 15.9020 0.0251 2.0402 0.0041 0.0341 0.0009 0.0000 0.0012 0.0164 0.0010 0.045 10.5 5.39 0.14 69.2 39.7 1.0 

0.7 23.4214 0.0461 3.3339 0.0053 0.0553 0.0012 0.0000 0.0012 0.0190 0.0010 0.074 17.2 5.32 0.09 75.8 39.2 0.7 

NV-EF-25-07 2. biotite. J = 0.004128 ± 0.000018 

0.3 3.0682 0.0219 0.3067 0.0023 0.0068 0.0007 0.0012 0.0012 0.0054 0.0010 0.007 1.1 4.71 0.94 47.1 34.7 6.9 

0.4 2.4773 0.0192 0.3129 0.0022 0.0062 0.0008 0.0006 0.0012 0.0031 0.0009 0.007 1.1 4.93 0.90 62.3 36.3 6.6 

0.5 3.1079 0.0258 0.4591 0.0025 0.0071 0.0008 0.0045 0.0012 0.0021 0.0009 0.010 1.6 5.42 0.61 80.2 39.9 4.4 

0.6 2.8395 0.0275 0.4584 0.0026 0.0082 0.0008 0.0055 0.0011 0.0020 0.0009 0.010 1.6 4.93 0.61 79.7 36.3 4.4 

0.7 5.1082 0.0344 0.8579 0.0038 0.0127 0.0008 0.0025 0.0012 0.0002 0.0009 0.019 3.0 5.88 0.33 99.0 43.3 2.4 

0.8 5.1643 0.0205 0.9231 0.0030 0.0153 0.0008 0.0038 0.0013 0.0002 0.0009 0.020 3.3 5.52 0.30 98.7 40.6 2.2 

0.9 5.1120 0.0493 0.9081 0.0054 0.0164 0.0007 0.0000 0.0011 0.0002 0.0009 0.020 3.2 5.55 0.32 98.7 40.9 2.3 

1.0 6.1321 0.0242 1.1136 0.0035 0.0178 0.0008 0.0012 0.0011 0.0004 0.0009 0.025 3.9 5.40 0.25 98.2 39.8 1.8 

1.2 8.0409 0.0258 1.4569 0.0035 0.0237 0.0009 0.0000 0.0012 0.0000 0.0009 0.032 5.2 5.51 0.20 99.9 40.5 1.4 



 

 

1.4 9.9755 0.0258 1.8006 0.0042 0.0308 0.0008 0.0024 0.0013 0.0006 0.0009 0.040 6.4 5.43 0.15 98.2 40.0 1.1 

1.6 20.9575 0.0446 3.7131 0.0052 0.0602 0.0011 0.0000 0.0012 0.0007 0.0009 0.082 13.2 5.58 0.08 99.0 41.1 0.6 

1.8 25.1528 0.0484 4.3437 0.0052 0.0666 0.0011 0.0031 0.0013 0.0026 0.0010 0.096 15.4 5.60 0.07 96.9 41.3 0.5 

2.0 20.8280 0.0696 3.6223 0.0070 0.0573 0.0011 0.0040 0.0012 0.0022 0.0009 0.080 12.8 5.56 0.08 96.9 40.9 0.6 

2.2 18.2964 0.0500 3.1791 0.0061 0.0496 0.0011 0.0059 0.0013 0.0033 0.0008 0.070 11.3 5.44 0.08 94.7 40.1 0.6 

2.6 27.0755 0.0935 4.7416 0.0072 0.0723 0.0010 0.0069 0.0013 0.0019 0.0008 0.105 16.8 5.58 0.05 97.9 41.1 0.4 

NV-EF-25-07 3. biotite. J = 0.004128 ± 0.000018 

0.1 11.4739 0.0266 0.9230 0.0030 0.0240 0.0008 0.0026 0.0011 0.0326 0.0009 0.020 3.4 1.87 0.29 15.1 13.9 2.2 

0.5 36.4904 0.1603 5.0595 0.0067 0.0873 0.0013 0.0025 0.0011 0.0384 0.0009 0.112 18.4 4.94 0.06 68.6 36.4 0.5 

0.9 38.5336 0.0795 5.9274 0.0084 0.0961 0.0014 0.0000 0.0011 0.0248 0.0009 0.131 21.5 5.24 0.05 80.8 38.6 0.3 

1.3 42.8141 0.0587 6.4111 0.0081 0.1055 0.0012 0.0031 0.0011 0.0339 0.0009 0.142 23.3 5.09 0.04 76.4 37.5 0.3 

1.7 58.3423 0.0855 9.2174 0.0099 0.1523 0.0015 0.0044 0.0015 0.0348 0.0009 0.204 33.5 5.19 0.03 82.2 38.3 0.2 

NV-EF-028-07. biotite. J = 0.004128 ± 0.000018 

0.2 2.8947 0.0530 0.2707 0.0037 0.0050 0.0008 0.0055 0.0020 0.0064 0.0009 0.006 0.7 3.60 0.98 33.8 26.6 7.2 

0.4 32.1321 0.0687 5.3528 0.0130 0.0754 0.0020 0.0020 0.0021 0.0151 0.0009 0.119 13.5 5.15 0.05 86.0 38.0 0.4 

0.6 26.1501 0.1204 4.5579 0.0068 0.0609 0.0021 0.0000 0.0018 0.0055 0.0009 0.101 11.5 5.37 0.06 93.7 39.6 0.5 

0.8 30.4286 0.0589 5.2174 0.0070 0.0778 0.0010 0.0018 0.0019 0.0076 0.0009 0.116 13.2 5.39 0.05 92.5 39.7 0.4 

1.0 28.6882 0.1204 4.7972 0.0110 0.0672 0.0011 0.0005 0.0032 0.0091 0.0009 0.106 12.1 5.41 0.06 90.5 39.8 0.4 

1.2 23.5240 0.0539 3.9759 0.0065 0.0591 0.0010 0.0008 0.0019 0.0082 0.0009 0.088 10.0 5.29 0.07 89.6 39.0 0.5 

1.4 21.4990 0.0618 3.6223 0.0058 0.0525 0.0010 0.0008 0.0021 0.0068 0.0009 0.080 9.1 5.37 0.07 90.6 39.6 0.5 

1.6 20.3285 0.0955 3.4462 0.0060 0.0521 0.0011 0.0028 0.0016 0.0056 0.0009 0.076 8.7 5.41 0.08 91.9 39.9 0.6 

1.8 29.2758 0.0975 4.9649 0.0120 0.0761 0.0011 0.0131 0.0020 0.0081 0.0009 0.110 12.5 5.40 0.06 91.8 39.8 0.4 

2.1 20.1412 0.0687 3.4508 0.0160 0.0500 0.0010 0.0080 0.0018 0.0061 0.0009 0.076 8.7 5.30 0.08 91.0 39.1 0.6 

NV-EF-028-07 2. biotite. J = 0.004128 ± 0.000018 

0.1 10.5703 0.0318 0.8861 0.0035 0.0143 0.0013 0.0000 0.0016 0.0273 0.0008 0.020 1.6 2.72 0.28 22.8 20.2 2.0 

0.5 49.0715 0.0775 7.4454 0.0070 0.1126 0.0022 0.0000 0.0027 0.0375 0.0009 0.165 13.4 5.08 0.04 77.2 37.4 0.3 

0.9 73.3333 0.1707 11.9512 0.0320 0.1730 0.0033 0.0037 0.0046 0.0280 0.0009 0.265 21.4 5.43 0.03 88.6 40.0 0.2 

1.3 87.7608 0.2105 13.7718 0.0130 0.2121 0.0014 0.0036 0.0025 0.0500 0.0009 0.305 24.7 5.28 0.03 83.0 38.9 0.2 

1.7 88.2067 0.1309 14.7662 0.0260 0.2149 0.0017 0.0065 0.0018 0.0278 0.0009 0.327 26.5 5.40 0.02 90.6 39.8 0.2 

1.9 41.8406 0.1011 6.9044 0.0150 0.1046 0.0014 0.0057 0.0016 0.0119 0.0009 0.153 12.4 5.54 0.04 91.5 40.8 0.3 

NV-EF-029-07. biotite. J = 0.004110 ± 0.000016 

0.1 359.6455 0.2503 49.1680 0.1000 0.7490 0.0029 0.0050 0.0022 0.3113 0.0016 1.089 23.8 5.42 0.02 74.2 39.7 0.1 

0.3 301.3288 0.3003 51.7925 0.1500 0.7170 0.0050 0.0150 0.0022 0.0546 0.0011 1.147 25.0 5.50 0.02 94.6 40.3 0.1 

0.5 292.4123 0.2304 50.9949 0.1400 0.7190 0.0110 0.0370 0.0022 0.0383 0.0011 1.129 24.6 5.50 0.02 96.1 40.3 0.1 



 

 

0.7 206.1651 0.2404 36.1758 0.1100 0.5043 0.0025 0.0386 0.0031 0.0292 0.0011 0.801 17.5 5.45 0.02 95.8 40.0 0.2 

0.9 102.8627 0.2404 17.6022 0.0140 0.2546 0.0020 0.0207 0.0044 0.0145 0.0015 0.390 8.5 5.59 0.03 95.8 41.0 0.2 

1.0 7.0101 0.0282 1.1913 0.0036 0.0179 0.0010 0.0031 0.0022 0.0014 0.0010 0.026 0.6 5.52 0.26 93.9 40.5 1.8 

NV-EF-031-07. biotite. J = 0.004110 ± 0.000016 

0.1 68.0221 0.2003 10.3844 0.0270 0.1585 0.0016 0.0091 0.0024 0.0588 0.0010 0.230 14.9 4.85 0.04 74.2 35.6 0.3 

0.1 18.6043 0.0986 3.0310 0.0180 0.0431 0.0010 0.0085 0.0034 0.0045 0.0010 0.067 4.4 5.69 0.11 92.9 41.7 0.8 

0.1 26.7820 0.1305 4.2497 0.0111 0.0550 0.0012 0.0000 0.0028 0.0081 0.0010 0.094 6.1 5.72 0.08 90.9 41.9 0.6 

0.2 34.6814 0.1205 5.7642 0.0098 0.0824 0.0012 0.0061 0.0040 0.0070 0.0010 0.128 8.3 5.65 0.06 94.0 41.4 0.4 

0.3 46.8220 0.0689 7.6113 0.0170 0.1070 0.0020 0.0023 0.0025 0.0104 0.0010 0.169 10.9 5.74 0.04 93.4 42.0 0.3 

0.4 47.1365 0.0996 7.1880 0.0180 0.1058 0.0013 0.0080 0.0033 0.0210 0.0010 0.159 10.3 5.68 0.05 86.7 41.6 0.3 

0.5 35.5366 0.1404 5.7530 0.0260 0.0835 0.0011 0.0100 0.0024 0.0097 0.0010 0.127 8.3 5.67 0.06 91.8 41.5 0.5 

0.6 19.8371 0.0897 3.2043 0.0076 0.0461 0.0011 0.0060 0.0026 0.0070 0.0010 0.071 4.6 5.53 0.10 89.5 40.6 0.7 

0.7 25.8306 0.0808 4.1865 0.0071 0.0552 0.0016 0.0113 0.0027 0.0067 0.0010 0.093 6.0 5.68 0.07 92.2 41.7 0.5 

0.8 31.4037 0.0669 5.2677 0.0121 0.0751 0.0013 0.0129 0.0028 0.0057 0.0010 0.117 7.6 5.63 0.06 94.6 41.3 0.4 

1.0 75.8034 0.1205 12.9425 0.0220 0.1866 0.0017 0.0428 0.0026 0.0114 0.0010 0.287 18.6 5.59 0.03 95.6 41.0 0.2 

NV-EF-32-07. biotite. J = 0.004128 ± 0.000018 

0.1 8.6677 0.0288 1.1249 0.0051 0.0184 0.0009 0.0000 0.0020 0.0128 0.0009 0.025 1.3 4.31 0.24 56.0 31.8 1.7 

0.1 9.3868 0.0305 1.3502 0.0087 0.0197 0.0009 0.0005 0.0019 0.0061 0.0009 0.030 1.5 5.59 0.20 80.5 41.2 1.4 

0.2 14.3729 0.0358 2.1626 0.0089 0.0324 0.0011 0.0011 0.0014 0.0105 0.0012 0.048 2.5 5.18 0.17 78.1 38.2 1.2 

0.3 19.7509 0.0602 3.1329 0.0094 0.0475 0.0011 0.0020 0.0015 0.0082 0.0013 0.069 3.6 5.51 0.12 87.5 40.6 0.9 

0.4 20.4189 0.0602 3.3457 0.0062 0.0425 0.0011 0.0035 0.0021 0.0037 0.0009 0.074 3.8 5.76 0.08 94.6 42.4 0.6 

0.5 27.8785 0.0679 4.5546 0.0150 0.0613 0.0011 0.0000 0.0013 0.0100 0.0012 0.101 5.2 5.46 0.08 89.3 40.2 0.6 

0.6 19.0404 0.0573 3.2003 0.0053 0.0433 0.0011 0.0031 0.0022 0.0032 0.0008 0.071 3.7 5.65 0.08 95.1 41.6 0.6 

0.7 20.4743 0.0602 3.4965 0.0095 0.0475 0.0011 0.0000 0.0017 0.0031 0.0011 0.077 4.0 5.58 0.10 95.4 41.1 0.7 

0.8 30.8954 0.1112 5.2563 0.0240 0.0700 0.0021 0.0008 0.0021 0.0034 0.0009 0.116 6.0 5.68 0.06 96.7 41.8 0.4 

0.9 27.7232 0.0621 4.7668 0.0130 0.0678 0.0012 0.0041 0.0013 0.0030 0.0011 0.106 5.5 5.62 0.07 96.8 41.4 0.5 

1.0 33.4753 0.0718 5.8067 0.0130 0.0785 0.0012 0.0021 0.0012 0.0009 0.0008 0.129 6.7 5.71 0.05 99.2 42.0 0.3 

1.2 39.6121 0.0845 6.9212 0.0150 0.0974 0.0014 0.0046 0.0013 0.0032 0.0012 0.153 7.9 5.58 0.05 97.6 41.1 0.4 

1.4 40.1633 0.0747 6.9885 0.0140 0.0984 0.0012 0.0070 0.0013 0.0038 0.0011 0.155 8.0 5.58 0.05 97.2 41.1 0.4 

2.0 200.8476 0.1907 35.0448 0.0810 0.4928 0.0025 0.0748 0.0027 0.0080 0.0013 0.776 40.2 5.66 0.02 98.8 41.6 0.1 

Note: Data corrected for blanks. radioactive decay. and interfering nucleogenic isotopic interferences. Radiogenic argon (40Ar*) calculated with an atmospheric 40Ar/36Ar ratio = 298.56.  Fish 
Canyon sanidine used as a neutron flux monitor (age = 28.20 Ma; Kuiper et al.. 2008).   
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Description of tables 

The auxiliary material comprises a text document “Text A4”, which describes the 

analytical procedure of oxygen (δ18O) and hydrogen (δ2H) isotope, and 40Ar/39Ar 

geochronological analyses from Elba Quartzite samples, the calculation of hydrogen 

isotopic composition of fluids (δ2Hfluid), and 5 data tables. These tables contain the 

coordinates of the sampling localities (A4.1), the analytical results of oxygen (A4.2) and 

hydrogen (A4.3) isotope, 40Ar/39Ar geochronological analyses (A4.4), as well as 

calculated hydrogen isotopic fluid compositions (A4.5). 

 

1. Table A4.1. Longitudinal and latitudinal coordinates of sampling localities. 

1.1 Column “Locality”, name of sampling locality. 

1.2 Column “Latitude”, latitude of sampling locality north of equator, decimal degrees. 

1.3 Column “Longitude”, longitude of sampling locality west of Greenwich, decimal 

degrees. 

 

2. Table A4.2. Oxygen isotope values (δ18O) of quartz and muscovite pairs, their 

difference (∆ qtz - ms) and calculated oxygen isotope exchange temperatures using the 

calibration of Chacko et al. (1996). ne = no equilibrium. 

2.1 Column “Locality”, name of sampling locality. 

2.2 Column “Sample”, name of sample. 

2.3 Column “δ
18O qtz”, oxygen isotope ratio of quartz, delta notation in permil relative to 

VSMOW. 

2.4 Column “δ
18O ms”, oxygen isotope ratio of muscovite, delta notation in permil 

relative to VSMOW. 

2.5 Column “∆ qtz - ms”, difference between the oxygen isotope ratio of quartz and the 

oxygen isotope ratio of muscovite, permil, VSMOW. 

2.6 Column “Temperature”, calculated oxygen isotope exchange temperature, degree 

Celsius. 

2.7 Column “2σ error”, two sigma error of the calculated oxygen isotope exchange 

temperature, degree Celsius. 

 

3. Table A4.3. Elba Quartzite samples, their structural position in each section (Pine 

Creek Canyon, Clear Creek Canyon and Ten Mile Canyon) in meters above Archean 

basement, and hydrogen isotope ratios of muscovites (δ2Hms). Note that different grain 

size fractions of some samples yield discrepancies of only 0.75 ‰ to 3 ‰. Data from Pine 

Creek Canyon samples are displayed in figures 2, 3, and 6. Data from Clear Creek 

Canyon and Ten Mile Canyon samples are displayed in figures 3 and 6. Part of the Clear 

Creek Canyon data is adapted from Gottardi et al. (2011). 

3.1 Column “Sample”, name of sample. 
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3.2 Column “Structural position”, structural position of the sample above the Archean 

basement, meter. 

3.3 Column “Lithology”, lithological characteristics of the sample. 

3.4 Column “δ
2Hms”, hydrogen isotope ratios of muscovites, delta notation in permil 

relative to VSMOW. 

3.5 Column “Comment”, specific characteristics of the sample. 

 

4. Table A4.4. 40Ar/39Ar geochronology data.  

4.1 Column “CO2 laser”, heating steps, watts. 

4.2 Column “40Ar”, signal size of 40Ar, pA. 

4.3 Column “±1σ”, one sigma standard error of the signal size of column 4.2, pA. 

4.4 Column “39Ar”, signal size of 39Ar, pA. 

4.5 Column “±1σ”, one sigma standard error of the signal size of column 4.4, pA. 

4.6 Column “38Ar”, signal size of 38Ar, pA. 

4.7 Column “±1σ”, one sigma standard error of the signal size of column 4.6, pA. 

4.8 Column “37Ar”, signal size of 37Ar, pA. 

4.9 Column “±1σ”, one sigma standard error of the signal size of column 4.8, pA. 

4.10 Column “36Ar”, signal size of 36Ar, pA. 

4.11 Column “±1σ”, one sigma standard error of the signal size of column 4.10, pA. 

4.12 Column “39Ar Mol ∞10-14”, amount of 39Ar. 

4.13 Column “%39Ar of total”, fraction of 39Ar, percent. 

4.14 Column “40Ar*/39Ar”, ratio of 40Ar and 39Ar. 

4.15 Column “±1σ”, one sigma standard error of the 40Ar*/39Ar ratio. 

4.16 Column “%40Ar*”, fraction of 39Ar, percent. 

4.17 Column “Age”, calculated age, million years. 

4.18 Column “±1σ”, one sigma standard error of the calculated age, million years. 

 

5. Table A4.5. Calculated hydrogen isotope values of circulating fluids at the Pine Creek, 

Clear Creek and Ten Mile Canyon localities. Temperature estimates are based on oxygen 

isotope exchange thermometry (this study and Gottardi et al. (2011)). Fluid-mineral 

fractionation factors are calculated after Suzuoki and Epstein (1976). Note that water, 

which goes down in the detachment will inevitably change its hydrogen isotopic 

composition (δ2Hfluid) to more positive values. Therefore, we calculate δ
2Hfluid with the 

lowest measured δ2Hms, since these are likely to be higher (or equal) than δ2Hms values 

that can be attained from the original hydrogen isotopic composition (at the Earth surface) 

and prevailing temperature conditions in the detachment system. 

5.1 Column “Locality”, name of sampling locality. 

5.2 Column “δ
2Hmin”, minimum hydrogen isotope ratios of muscovites at the specific 

locality, delta notation in permil relative to VSMOW. 



 

 

260 Appendix to Chapter 4 

5.3 Column “T”, temperature estimate at the specific locality based on oxygen isotope 

exchange thermometry, degree Celsius. 

5.4 Column “”, explanation for temperature estimate given in column 5.5. 

5.5 Column “T”, temperature estimate at specific locality based on oxygen isotope 

exchange thermometry, degree Celsius. 

5.6 Column “fluid δ
2H”, hydrogen isotope ratios of the circulating fluid at the specific 

locality, calculated from δ
2Hmin (column 5.2) using isotopic fractionation factors after 

Suzuoki and Epstein (1976) at a specific temperature condition (column 5.5), delta 

notation in permil relative to VSMOW. 
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Text A4. Methods 

A4.1. Hydrogen isotope analysis 

Hydrogen isotope ratios of muscovite separates (δ2Hms) of Pine Creek Canyon Elba 

Quartzites were measured at the Stable Isotope Laboratory at Leibniz University 

Hannover, Germany (Appendix Tab. A4.3). Mylonitic muscovite-bearing quartzite 

samples were crushed and sieved into different grain size fractions. The samples were 

washed with deionized water in an ultrasonic bath (in order to remove dust and to split up 

grain aggregates). Mica separation was carried out by a Frantz magnetic separator and 

subsequent handpicking. Hydrogen isotopic ratios of muscovite were measured on a 

Thermo Finnigan High Temperature Conversion Elemental Analyzer (TC/EA) coupled in 

continuous flow mode to a Thermo delta V advantage gas mass spectrometer. A sample 

size of ~2.2 mg was used to obtain sufficient signal sizes and measurements with low 

signal sizes (<7 Vs) were rejected from further interpretation. Determination of the H3-

factor has been carried out on each measurement day. External (NBS-22, NBS-30, and 

CH-7) and internal (Kaol#17 and KGa-1b) reference materials were measured within 

individual runs. The external precision of standard materials is ≤2 ‰. Replicate 

measurements yield consistent results: the average deviation is 0.53 ‰ and the maximum 

and minimum deviation between replication measurements is 5.46 ‰ and 0.11 ‰, 

respectively. All hydrogen isotopic values are signal size-corrected and reported relative 

to VSMOW. Muscovite δ
2H values of Clear Creek Canyon and Ten Mile Canyon 

samples were measured at the Stable Isotope Laboratory at Stanford University, Stanford, 

USA (Appendix Tab. A4.3) following the same analytical method and same standards as 

outlined above.  

A4.2. Oxygen isotope analyses and thermometry 

Measurement of oxygen isotope ratios (δ18O) of quartz-muscovite pairs allows the 

calculation of isotope exchange temperatures between these two minerals provided that 

(1) the minerals attained isotopic equilibrium during (de)formation, (2) no retrograde 

change in the oxygen isotope compositions occurred, and (3) isotope fractionation 

between the analyzed mineral pairs is sufficiently sensitive to temperature and can be 

measured with adequate precision (e.g., Valley, 2001). Mineral separates from three Pine 

Creek Canyon samples (RR-04-121, RR-04-125c, RR91-20) and one sample from Ten 

Mile Canyon (RR100-89) were analyzed for their oxygen isotope ratio of quartz (δ18Oqtz) 

and muscovite (δ18Oms) at the University of Lausanne, CH (Pine Creek) and Stanford 

University, USA (Ten Mile Canyon; auxiliary material Tab. A4.2). Quartz and muscovite 

samples were extracted using conventional mineral separation techniques, including 
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crushing, sieving, washing with deionized water in an ultrasonic bath in order to remove 

dust and to split up grain aggregates. Mica separation was carried out by a Frantz 

magnetic separator and subsequent handpicking. The determination of oxygen isotopic 

ratios of quartz and muscovites was performed by laser-fluorination gas source mass 

spectroscopy. About 0.9 to 1.9 mg of sample material were heated in 50 mbar of F2 

(Lausanne) or BrF5 (Stanford) using a 10 W New Wave CO2 laser coupled to a Finnigan 

MAT 253 (Lausanne) or MAT 251 (Stanford) mass spectrometer. During each run, 

replicate sample and reference (NBS 28, Lausanne 1 quartz) materials were measured and 

results were accepted if duplicate analysis were within 0.25 ‰. Standards reproduced 

within 0.16 ‰. The data were corrected for daily drift and for deviation of measured from 

referenced standard values. Oxygen isotope exchange temperatures were calculated from 

the oxygen isotope fractionation between quartz and muscovite (∆18Oqtz-ms) using the 

calibration of Chacko et al. (1996). Standard errors were calculated by error propagation 

of the 2σ error of the average sample value (calculated from replicate measurements) and 

the 2σ error of daily NBS 28 measurements.  

A4.3. 
40

Ar/
39

Ar geochronology 

The 40Ar/39Ar data were collected at the University of Lausanne. Samples together with 

the Fish Canyon sanidine standard (age = 20.201 ±0.046; Kuiper et al., 2008) were 

irradiated for 10 megawatt hours in the cadmium lined position of the Oregon State 

TRIGA reactor. Samples (2-4 individual grains) and standards (individual grains) were 

loaded into numbered positions within a stainless steel planchette and attached to a laser 

chamber evacuated to pressures < 2 x 10-9 Torr, incrementally heated and/or fused with a 

25 W CO2 laser, and the argon isotopes were isolated by expansion into a stainless steel 

extraction line using getters and a cold trap operated at -135°C. The argon isotopes were 

measured using a Nu Instruments Noblesse mass spectrometer, with 40Ar and 39Ar 

measured on a faraday detector, and 38Ar, 37Ar, and 36Ar measured using ion counters. 

Detector inter-calibration was done by using identical 40Ar/39Ar measurements on 

sanidine standards and with 40Ar/36
Ar measurements of atmosphere (= 298.56 ± 0.31; Lee 

et al., 2006). Isotopic correction factors for this irradiation were determined from degased 

K-glass and CaF2, with the following values: 36Ar from 37Ca = 2.964 x 10-4
; 

39Ar from 
37Ca = 8.024 x 10-4, and no detectable 40Ar from 39K. The isotopic decay constants 

tabulated in in Steiger and Jäger (1977) were used for all age calculations. No data from 

the samples analyzed produced 40Ar/39Ar plateau ages (3 or more contiguous degasing 

steps representing >50% of the 39Ar released with ages overlapping at the 2 sigma level of 

uncertainty). Consequently, preferred, weighted mean ages are presented that represent 

contiguous incremental heating steps that represent >50% of the 39Ar released and have 

similar 40Ar*/39Ar ratios.   
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A4.4. Calculation of the hydrogen isotope fluid compositions (δ
2
Hfluid) 

For calculation of the hydrogen isotopic composition of the present fluid phase we follow 

the approach as described in previous studies (e.g., Kerrich, 1988; Mulch et al., 2004, 

2007; Mulch and Chamberlain, 2007). Major assumptions for are (1) isotopic equilibrium 

between mineral and fluid and (2) preservation of the fluid signal in muscovite over time. 

It has been shown that both assumptions can be met in ductilely deforming shear zone 

footwall rocks of metamorphic core complexes (e.g., Mulch et al., 2004, 2007). 

Calculation of δ
2Hfluid from measured δ

2Hms values is conducted using temperature-

dependent isotope fractionation coefficients of Suzuoki and Epstein (1976). We give the 

range of calculated δ
2Hfluid values based on (1) lowest measured δ

2Hms values and (2) 

minimum and maximum temperature estimates. We use the lowest measured δ
2Hms 

values as water experiencing increasing fluid-rock interaction with the host rock will 

inevitably change its hydrogen isotopic composition (δ2Hfluid) to more positive values. 

Therefore, we calculate δ2Hfluid with the lowest measured δ2Hms, since these are likely to 

be higher (or equal) than δ
2Hms values that can be attained from the original fluid 

hydrogen isotopic composition (at the Earth surface) and the prevailing temperature 

conditions in the detachment system. Our temperature estimates are based on oxygen 

isotope thermometry (section S2) either conducted for this study (Pine Creek Canyon, 

Ten Mile Canyon) or taken from the literature (Clear Creek Canyon, Gottardi et al., 2011) 

(see Tab. A4.5). The temperature estimates constitute to the main uncertainty of 

calculated δ2Hfluid values (up to 20‰ compared to the analytical error of δ2Hms analysis 

(external precision of δ2Hms analysis is ±2‰ based on measured standard materials; see 

section A4.1). 
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Tables 

Tab. A4.1. Coordinates (in decimal degrees) of sampling localities. 

Locality Latitude Longitude 

Pine Creek Canyon 41.88° -113.44° 

Clear Creek Canyon 41.94° -113.38° 

Ten Mile Canyon 41.91° -113.23° 

 

Tab. A4.2. Oxygen isotope values (δ18O) of quartz and muscovite pairs, their difference 

(∆ qtz - ms) and calculated oxygen isotope exchange temperatures using the calibration of 

Chacko et al. (1996). ne = no equilibrium. 

Locality Sample δ
18

O qtz δ
18

O ms ∆ qtz - ms Temperature 2σ error 

  
[‰] 

VSMOW 

[‰] 

VSMOW 

[‰] 

VSMOW 
[°C] [°C] 

Pine Creek 

Canyon 
RR04-125c 11.19 7.71 3.48 361 ±25 

Pine Creek 

Canyon 
RR04-121 11.74 8.53 3.21 387 ±27 

    average 374 ±37 

Pine Creek 
Canyon 

RR91-20 13.03 12.29 0,74 ne - 

Ten Mile Canyon RR100-89 12.30 8.84 3.46 370 ±27 

 

Tab. A4.3. Elba Quartzite samples, their structural position in each section (Pine Creek 

Canyon, Clear Creek Canyon and Ten Mile Canyon) in meters above Archean basement, 

and hydrogen isotope ratios of muscovites (δ2Hms). Note that different grain size fractions 

of some samples yield discrepancies of only 0.75 ‰ to 3 ‰. Data of Pine Creek Canyon 

samples are displayed in figures 2, 3, and 6. Data of Clear Creek Canyon and Ten Mile 

Canyon samples are displayed in figures 3 and 6. ms = muscovite, qtz = quartz, ky = 

kyanite, chl = chlorite. 

Sample  
Structural 

position  
Lithology δ

2
Hms Comment 

 [m]  
[‰, 

VSMOW] 
 

Pine Creek Canyon  

RR04-121a 211 

ms-rich quartzite layer in virtually 

ms-free white quartzite -150.0 fraction 180-250 µm 

RR04-123 211 ms-bearing quartz vein -151.0 fraction 75-180 µm 

RR04-123   -149.0 fraction180-250 µm 

RR04-125a 209 mylonitic white ms-bearing quartzite -154.0 fraction 180-250 µm 

RR04-125c   -153.0 fraction 180-250 µm 

RR-07-34 207 mylonitic white ms-bearing quartzite -142.8  

     -143.1  
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     -143.8 

     -138.4   

RR-07-33 206 mylonitic white ms-bearing quartzite -139.8   

     -148.7 

     -147.3   

RR-07-32 204 mylonitic white quartzite -143.0   

     -147.7   

RR-07-31 197 

mylonitic white quartzite 

with crosscutting qtz vein -145.5   

     -142.8 fraction 100-63 µm 

RR-07-30 187 

white ms-quartzite, 

entire zone isoclinally folded -148.4   

     -147.3 

     -147.0 fraction >100 µm 

     -147.7 fraction 100-63 µm 

     -144.7 fraction >100 µm 

     -147.9 fraction 100-63 µm 

RR-07-29 172 white ms-bearing quartzite -144.5   

     -143.6 fraction 100-63 µm 

RR-07-27 157 massive white ms-bearing quartzite -127.0   

     -130.8   

RR-07-26 140 massive ms-poor quartzite -144.5   

     -140.4 

     -135.1 

RR-07-25 125 

massive ms-bearing quartzite; zone 

of thinly bedded quartzite to meter 

112 -148.4   

     -148.6   

RR-07-24 112 ms-rich quartzite -150.7   

RR-07-23 95 ms-rich quartzite -142.5   

RR-07-22 72 ms-bearing quartzite -132.3   

RR-07-21 63 ms-rich quartzite -147.9   

RR-07-20 50 white ms-bearing quartzite -144.3   

     -144.7   

RR-07-19 38 white ms-bearing quartzite -143.6   

RR-07-18 30 white ms-bearing quartzite -131.2   

     -134.9 

RR-07-17 20 

white ms-bearing quartzite from fold 

hinge -128.4   

     -127.0 

RR-07-16 12 brownish ms-bearing quartzite -141.2   

     -141.3   

RR-07-15 2 white quartzite -135.4   

     -125.2 fraction >100 µm 

     -126.9 fraction 100-63 µm 

RR-07-13 0 folded adamellite basement 

RR91-20 75 
ms-bearing quartzite 

-75.0 

provided by M. Wells 

(Wells et al., 2000) 

Clear Creek Canyon 

section 0     

RR-04-146 -3,3 

ms-rich shearband (schistose) layer 

in white quartzite  -117 fraction > 177 µm 

RR-04-147 2 shearband from schist zone -122 fraction > 177 µm 

   -117  

   -121 fraction 180-250 µm 

section 1     

RR-04-144 7 quartzite with altered layers from -113  
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within the white schistose zone  

section 2     

RR-04-150 7 ms-rich sigmoidal quartz vein -113 fraction > 177 µm 

   -118 fraction > 250 µm 

RR-04-153 7,5 white ms-rich schist  -119 fraction > 250 µm 

section 3     

RR-04-157 -3.5  ms-rich regolith -90 fraction > 177 µm 

RR-04-158a 6  ms-schist from center of schist zone  -99 fraction > 177 µm 

   -100 fraction > 250 µm 

RR-04-158b 6  ms-schist from top of the schist zone -106 fraction > 177 µm 

   -110 fraction 180-250 µm 

RR-04-159b 5  ms-quartzite  -95  

data from Gottardi et al. (2011) 

RR-09-103 70 quartzite -93  

RR-09-86 60 quartzite -108  

RR-09-158 38 quartzite -91  

RR-09-80 31 quartzite -106  

RR-09-78 28 quartzite -106  

RR-09-98 21 quartzite -110  

RR-09-96 18 quartzite -103  

RR-09-94 14 quartzite -92  

RR-09-74 6 quartzite -106  

RR-09-90 3 quartzite -99  

Ten Mile Canyon 

RR-04-102 28 very fine-grained ms-rich quartzite -121  fraction  250-180 µm 

RR-04-095 8 ms-rich quartzite schist -106  fraction  > 177 µm 

RR-04-094 6  

very fine-grained mylonitic ms-

bearing quartzite  -114  fraction 180 -75 µm 

RR-04-093 4.5  white mylonitic quartzite -116  

RR-04-092 3 ms-ky-qtz schist -125  fraction  > 250 µm 

RR-04-092  3  -124  fraction  > 177 µm 

RR100-89 3  -121  

RR-04-089  0.5 ms-chl-qtz schist -118  fraction  > 177 µm 

RR-04-088  1 

white mylonitic fine-grained ms-

bearing quartzite -106  



 

 

Tab. A4.4. 40Ar/39Ar geochronology data. 

CO2 laser 

(Watts) 

Relative Isotopic Abundances Derived Results 

40Ar ±1σ 
39Ar ±1σ 

38Ar ±1σ 
37Ar ±1σ 

36Ar ±1σ 
39Ar Mol∞ 

10-14 

39Ar % 

of total 
40Ar*/39Ar ±1σ %40Ar* 

Age 

(Ma) 
±1σ 

RR04-123: Muscovite; J = 0.002735 ± 0.000008          

1.8 5.2491 0.0133 0.9472 0.0135 0.0128 0.0001 0.0583 0.0163 0.0018 0.0001 0.080 1.6 4.99 0.08 90.1 24.5 0.4 

1.9 3.3367 0.0110 0.6069 0.0126 0.0069 0.0001 0.0334 0.0163 0.0006 0.0001 0.051 1.0 5.23 0.12 95.2 25.6 0.6 

2 5.8806 0.0115 0.9343 0.0132 0.0114 0.0001 0.0010 0.0169 0.0008 0.0001 0.079 1.6 6.05 0.09 96.2 29.6 0.5 

2.1 8.2762 0.0113 1.1873 0.0143 0.0143 0.0001 0.0136 0.0169 0.0009 0.0001 0.100 2.0 6.74 0.09 96.6 32.9 0.4 

2.2 15.6865 0.0116 1.9397 0.0132 0.0234 0.0002 0.0302 0.0169 0.0010 0.0001 0.164 3.3 7.93 0.06 98.1 38.7 0.3 

2.3 13.0218 0.0113 1.5458 0.0131 0.0190 0.0002 0.0564 0.0169 0.0004 0.0001 0.131 2.6 8.35 0.08 99.1 40.7 0.4 

2.4 22.9383 0.0119 2.6653 0.0125 0.0324 0.0002 0.0283 0.0169 0.0005 0.0001 0.226 4.5 8.55 0.05 99.3 41.7 0.2 

2.5 18.2456 0.0107 2.1608 0.0123 0.0260 0.0002 0.0250 0.0169 0.0004 0.0001 0.183 3.7 8.39 0.06 99.4 40.9 0.3 

2.6 16.9435 0.0123 2.0353 0.0128 0.0244 0.0002 0.0479 0.0169 0.0004 0.0001 0.172 3.5 8.27 0.06 99.3 40.4 0.3 

2.7 14.8790 0.0106 1.7809 0.0130 0.0218 0.0002 0.0393 0.0169 0.0003 0.0001 0.151 3.0 8.31 0.07 99.4 40.5 0.3 

2.8 18.8217 0.0119 2.2317 0.0124 0.0268 0.0002 0.0248 0.0169 0.0006 0.0001 0.189 3.8 8.35 0.06 99.0 40.7 0.3 

2.9 12.9994 0.0119 1.5721 0.0134 0.0187 0.0001 0.0435 0.0169 0.0002 0.0001 0.133 2.7 8.23 0.08 99.5 40.2 0.4 

3 20.1275 0.0122 2.4500 0.0132 0.0295 0.0002 0.0243 0.0163 0.0004 0.0001 0.207 4.2 8.17 0.05 99.4 39.8 0.3 

3.2 27.9166 0.0133 3.4347 0.0143 0.0408 0.0002 0.0296 0.0164 0.0008 0.0001 0.291 5.8 8.06 0.04 99.2 39.3 0.2 

3.4 35.7501 0.0123 4.4057 0.0128 0.0519 0.0002 0.0266 0.0158 0.0008 0.0001 0.373 7.5 8.06 0.03 99.3 39.3 0.2 

3.6 75.8827 0.0142 9.0461 0.0132 0.1089 0.0003 0.0501 0.0169 0.0021 0.0001 0.765 15.4 8.32 0.03 99.2 40.6 0.1 

3.8 45.4855 0.0125 5.3381 0.0135 0.0637 0.0002 0.0621 0.0180 0.0012 0.0001 0.452 9.1 8.46 0.03 99.2 41.3 0.2 

4 31.2460 0.0125 3.6752 0.0135 0.0441 0.0002 0.0518 0.0164 0.0011 0.0001 0.311 6.2 8.42 0.04 99.0 41.1 0.2 

5 68.6060 0.0159 7.6134 0.0151 0.0902 0.0003 0.0312 0.0169 0.0007 0.0001 0.644 12.9 8.99 0.03 99.7 43.8 0.2 

6 30.5203 0.0142 3.2975 0.0143 0.0395 0.0002 0.0582 0.0158 0.0005 0.0001 0.279 5.6 9.21 0.05 99.6 44.9 0.2 

RR04-153: Muscovite; J = 0.002735 ± 0.000008          

1.8 3.3962 0.0128 0.9706 0.0148 0.0147 0.0002 0.1204 0.0162 0.0023 0.0001 0.082 7.7 2.81 0.06 80.2 13.8 0.3 

1.9 1.8820 0.0131 0.5392 0.0141 0.0074 0.0001 0.0876 0.0162 0.0020 0.0001 0.046 4.3 2.41 0.09 69.2 11.9 0.4 

2 7.1870 0.0132 2.2901 0.0148 0.0285 0.0002 0.0387 0.0156 0.0011 0.0001 0.194 18.3 3.00 0.03 95.5 14.7 0.1 

2.1 6.6015 0.0125 1.9412 0.0141 0.0243 0.0002 0.0643 0.0156 0.0015 0.0001 0.164 15.5 3.17 0.03 93.2 15.6 0.1 

2.2 9.1558 0.0129 2.7618 0.0140 0.0337 0.0002 0.0470 0.0151 0.0011 0.0001 0.234 22.0 3.20 0.02 96.6 15.7 0.1 

2.3 8.1405 0.0132 2.3897 0.0140 0.0292 0.0002 0.0380 0.0156 0.0011 0.0001 0.202 19.0 3.27 0.03 95.9 16.1 0.1 

2.4 4.5108 0.0132 1.2075 0.0140 0.0157 0.0001 0.0161 0.0162 0.0010 0.0001 0.102 9.6 3.50 0.05 93.7 17.2 0.2 

2.5 2.0657 0.0124 0.4455 0.0140 0.0066 0.0001 0.0263 0.0156 0.0004 0.0001 0.038 3.6 4.34 0.15 93.6 21.3 0.7 



 

 

RR04-150: Muscovite; J = 0.002735 ± 0.000008          

1.8 4.2782 0.0128 0.9324 0.0146 0.0135 0.0001 0.1094 0.0168 0.0048 0.0001 0.079 5.4 3.05 0.07 66.6 15.0 0.3 

1.9 1.8805 0.0135 0.5164 0.0135 0.0070 0.0001 0.0632 0.0162 0.0007 0.0001 0.044 3.0 3.27 0.10 89.9 16.1 0.5 

2 6.2487 0.0129 1.6433 0.0146 0.0204 0.0001 0.0709 0.0151 0.0018 0.0001 0.139 9.6 3.48 0.04 91.6 17.1 0.2 

2.1 6.4118 0.0125 1.5791 0.0126 0.0197 0.0002 0.0030 0.0162 0.0010 0.0001 0.134 9.2 3.88 0.04 95.6 19.0 0.2 

2.2 12.7029 0.0122 2.9668 0.0132 0.0361 0.0002 0.0234 0.0157 0.0018 0.0001 0.251 17.3 4.10 0.03 95.8 20.1 0.1 

2.3 6.3904 0.0123 1.5600 0.0122 0.0194 0.0002 0.0257 0.0157 0.0010 0.0001 0.132 9.1 3.91 0.04 95.6 19.2 0.2 

2.4 6.9025 0.0118 1.7869 0.0126 0.0218 0.0002 0.0482 0.0157 0.0010 0.0001 0.151 10.4 3.71 0.03 95.9 18.2 0.2 

2.5 4.5496 0.0119 1.0959 0.0119 0.0141 0.0001 0.0507 0.0162 0.0005 0.0001 0.093 6.4 4.01 0.05 96.6 19.7 0.3 

2.6 7.0533 0.0120 1.6978 0.0122 0.0213 0.0001 0.0275 0.0162 0.0023 0.0001 0.144 9.9 3.75 0.04 90.3 18.4 0.2 

2.7 4.4276 0.0122 1.1059 0.0124 0.0136 0.0001 0.0118 0.0168 0.0010 0.0001 0.094 6.5 3.74 0.05 93.5 18.4 0.3 

2.8 5.6213 0.0133 1.4422 0.0129 0.0177 0.0001 0.0574 0.0157 0.0005 0.0001 0.122 8.4 3.80 0.04 97.4 18.6 0.2 

2.9 1.1611 0.0127 0.2979 0.0133 0.0040 0.0001 0.0214 0.0163 0.0005 0.0001 0.025 1.7 3.39 0.18 87.1 16.7 0.9 

3 1.0399 0.0125 0.2546 0.0130 0.0032 0.0001 0.0222 0.0157 0.0002 0.0001 0.022 1.5 3.83 0.23 93.9 18.8 1.1 

3.2 0.5047 0.0132 0.1179 0.0136 0.0014 0.0001 0.0217 0.0152 0.0002 0.0001 0.010 0.7 3.76 0.50 87.7 18.4 2.4 

3.4 0.9252 0.0129 0.1472 0.0134 0.0026 0.0001 0.0400 0.0157 0.0003 0.0001 0.012 0.9 5.64 0.55 89.7 27.6 2.7 

Note: Data collected by multi-collection on a Nu Instruments Noblesse mass spectrometer; 40Ar and 39Ar collected with faraday detectors and 38Ar, 37Ar, and 36Ar collected with ion counters. 
Reported data corrected for blanks, detector intercalibrations using internal air pipette, nucleogenic isotopic interferences from irradiated CaF2 and K-glass. Non radiogenic argon corrected to 
atmospheric value of Lee et al. (2008). 

 

 



 

 

269 Appendix to Chapter 4 

Tab. A4.5. Calculated hydrogen isotope values (δ2H) of circulating fluids at the Pine 

Creek Canyon, Clear Creek Canyon and Ten Mile Canyon localities. Temperature 

estimates are based on oxygen isotope exchange thermometry (this study and Gottardi et 

al., 2011) and fluid-mineral fractionation factors are calculated after Suzuoki and Epstein 

(1976). 

Locality δ
2Hms* T 

 
T δ

2Hfluid 

 
[‰] VSMOW [°C] 

 
[°C] [‰] VSMOW 

Pine Creek Canyon 

-154 374 ±37 Average T 374 -120,5 

  
T max 412 -126,0 

  
T min 338 -113,9 

Clear Creek Canyon 

-122 gradient Average T 415 -94,4 

  
T max 485 -102,7 

  
T min 345 -83,3 

Ten Mile Canyon 

-125 370 ±27 Average T 370 -90,7 

  
T max 397 -94,9 

  
T min 343 -85,9 

* Water going down in the detachment will inevitably change its hydrogen isotopic composition (δ2Hfluid) to 

more positive values. Therefore, we calculate δ2Hfluid with the lowest measured δ2Hms, since these are likely 

to be higher (or equal) than δ
2Hms values that can be attained from the original fluid hydrogen isotopic 

composition (at the Earth surface) and the prevailing temperature conditions in the detachment system.  
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Introduction  

The auxiliary material comprises text documents A5.1 to A5.5, which describe the 

analytical procedure of oxygen (δ18O) and carbon (δ13C) isotope (Text A5.1), and 

clumped isotope (∆47) analyses (Text A5.2), the calculation of vitrinite reflectance-based 

temperatures (Text A5.3), the calculation of oxygen isotopic compositions of water 

(δ18Owater) (Text A5.4) and a reference list (Text A5.5). It further contains two additional 

figures and 9 data tables. These tables contain the coordinates of the sampling localities 

(A5.1), the analytical results of stable isotope analyses (A5.2, A5.3) and of clumped 

isotope analyses (A5.4 – A5.6), the vitrinite reflectance data used for comparison of the 

temperature analyses (A5.7, A5.8), and the results of δ18Owater calculation (A5.9). 

Text A5.1. Clumped isotope analyses 

Clumped isotope thermometry is a relatively new proxy to determine temperatures of 

carbonate formation. Due to the homogeneous equilibrium isotope exchange reaction (i) 

Ca13C16O3 + Ca12C18O16O2 = Ca12C16O3 + Ca13C18O16O2    (i) 

between different species of carbonate molecules (isotopologues), preferred bonding of 

heavy isotopes (13C-18O) occurs in carbonate isotopologues. This reaction depends on the 

equilibrium constant, which in turn exclusively depends on temperature. Thus, the 

abundance of isotopologues containing heavy isotopes of oxygen and carbon is purely 

temperature-dependent. The temperature dependence is typically expressed by the ∆47 

value, which describes the difference of the abundance of the 13C18O16O2-isotopologue of 

the sample gas (R47, R46, R45) from the theoretical stochastic distribution of the gas (R47*, 

R46*, R45*) with the same bulk isotopic composition (Eiler, 2007, 2011 and ref. therein): 

∆47 = ((R47/ R47* - 1) – (R46/ R46* - 1) - (R45/ R45* - 1)) * 1000 (‰)  (ii) 

with Ri = mass i / mass 44.  

Carbonate powder (9-27 mg) was digested in >106 % phosphoric acid at 90 °C ± 0.1 °C 

for 30 minutes. For carbonate digestion we used an automated acid bath as described in 

Wacker et al. (2013) with the modification that the acid bath and the autosampler were 

pumped by a rotary vane pump. The CO2 cleaning procedure and measurements follow 

Wacker et al. (2013, 2014). Briefly, the produced CO2 was purified by passing it through 

cryogenic traps (-80 °C) before and after passage through a Porapak Q-packed gas 

chromatography column to remove traces of hydrocarbons. The cleaned CO2 was 

measured on a Finnigan MAT 253 gas source isotope ratio mass spectrometer dedicated 

to the measurements of masses 44 to 49 at the Goethe University – BiK-F Stable Isotope 

Facility at the Institute of Geosciences, Goethe Universität Frankfurt. Each gas was 
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measured in ten acquisitions (consisting of ten cycles with an ion integration time of 20s 

per cycle).  

“Heated gases” (equilibrated at 1000 °C) were measured 3-5 times a week to monitor the 

non-linearity of the mass spectrometer and source scrambling effects (Tab. S4). CO2 

gases equilibrated at 25 °C (Tab. S4) and “heated gases” were used to determine the 

empirical transfer functions (ETF). ETFs that were applied are: (a) y=1.173*x + 0.941 

(from 19.03.2013 to 21.05.2013; samples from Malaga Road), and (b) y=1.1211*x + 

0.9584 (November/December 2013; samples from Clark Canyon, Cole’s Corner and 

Deadhorse Canyon) with x: intercepts of the equilibration and heated gas lines and y: 

theoretical equilibrium value for ∆47 at the corresponding equilibration temperature. We 

choose to apply the theoretical acid fractionation factor of +0.069 ‰ (Guo et al., 2009) to 

the data obtained from carbonates reacted at 90 °C to allow comparison to carbonates 

digested at 25 °C (see discussion in Wacker et al., 2014). ∆47 are reported in the absolute 

reference frame for interlaboratory comparison (Dennis et al., 2011). 

During the time intervals of carbonate sample analyses, the internal standard errors (SE) 

for each acquisition of ∆47 range from 0.005 ‰ to 0.015 ‰ (mean value of 0.009‰, 

n=108). Each day 2-3 standard materials were measured (Tab. A5.5). These were either 

NBS 19 or in-house carbonate standards: Carrara marble, Arctica islandica (well-

homogenized shell material of an aragonitic cold water bivalve), or Dyscolia wyvillei 

(second layer shell material of a brachiopod). The accepted ∆47 of NBS 19 reported on the 

absolute scale is 0.392 ‰ ± 0.017 ‰ (Dennis et al., 2011; with an applied acid 

fractionation factor of +0.081 ‰). By applying the theoretical acid fractionation factor of 

+0.069 ‰ the “accepted” value translates to 0.380 ‰ ± 0.017 ‰. (Wacker et al., 2014) 

obtained a ∆47 value of NBS 19 of 0.364 ‰ ± 0.003 ‰ (1σ SE, n = 75) on a long term 

basis and a ∆47 = 0.372 ‰ ± 0.003 ‰ (1σ SE, n = 52) during the time interval of the 

calibration study. For Arctica islandica these ∆47 values are 0.715 ‰ ± 0.002 ‰ (1σ SE, n 

= 80) and 0.724 ‰ ± 0.004 ‰ (1σ SE, n = 28), respectively. Dyscolia wyvillei shows a 

mean ∆47 value of 0.713 ‰ ± 0.004 ‰ (1σ SE, n = 24) (Wacker et al., 2014). During this 

study, the daily monitored Carrara marble in-house standard yielded a mean ∆47 value of 

0.371 ‰ ± 0.002 ‰ (1σ SE, n = 69). In July 2013, the daily monitored in-house standard 

Dyscolia wyvillei displayed a mean ∆47 value of 0.731 ‰ ± 0.004 ‰ (1σ SE, n=5) and 

Arctica islandica a ∆47 value of 0.710 ‰ ± 0.007 ‰ (1σ SE, n=13). 

We applied the theroretical temperature calibration of (Guo et al., 2009), since the 

obtained ∆47 values are not in the range of empirical calibration studies: 

∆47 = 0.0374 * 106 / T2 + 0.2502  (iii)  

with ∆47 in ‰ and T in K.  
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In total 22 sample analyses were run for this study (Tabs. A5.5, A5.6) and all measured 

samples were included in this study. Each carbonate sample was analyzed 2 times and 

external standard errors for replicate measurements range from 0.002 ‰ to 0.032 ‰, 

which translates into temperature errors of 1 °C to 12 °C. Simultaneous measurements of 

masses 45 and 46 yielded oxygen and carbon isotopic ratios of the samples. The large(r) 

spread in the data may result from (1) short- and long-term variations of mass 

spectrometric parameters, (2) heterogeneities in the phosphoric acid reaction 

environment, and (3) non-homogeneities in the clumped and bulk isotopic compositions 

of the samples. Most likely the large spread in the data is due to sample inhomogeneity. 

Any incomplete acid digestion reaction should affect δ18O and δ13C, which is not noticed 

in the stable isotope data (standard deviation for δ18O and δ13C range from 0.03 ‰ to 0.50 

‰ and from 0.01 ‰ to 0.06 ‰, respectively).  

Text A5.2. Oxygen and carbon isotope analysis  

Oxygen and carbon isotope analyses of carbonates were performed at the Goethe 

University – BiK-F Stable Isotope Facility at the Institute of Geosciences, Goethe 

Universität Frankfurt, Germany. Carbonate sample powders were drilled using a low-

speed dental drill. 0.2 mg to 1.8 mg of carbonate powder were digested with phosphoric 

acid (McCrea, 1950) at 72 °C in a sealed reaction vessel, flushed with helium gas and the 

evolved CO2 was sampled by a Finnigan Gas-Bench and isotope ratios were measured on 

a Finnigan MAT 253 mass spectrometer. Repeated measurements of the in-house 

standard (Carrara marble) yielded external precisions of <0.07 ‰ for δ18O and <0.03 ‰ 

for δ13C. All isotopic results are reported in standard delta notation and corrected to 

VSMOW (δ18O) or VPDB (δ13C) (Tab. A5.2, A5.3).  

Text A5.3. Vitrinite reflectance temperature calculations  

Temperature estimates were calculated from the existing vitrinite reflectance (VR) data, 

(adapted from Evans, 1988). For this purpose, we grouped the existing data (Tab. S7) 

according to their depositional phase and into sub-groups depending on the geographic 

range of VR samples (eastern vs. western sub-basin of phase 2 deposits and northern and 

southern depositional area of phase 3). We excluded values above 0.9 %, since these 

samples most likely reflect pre-heated samples or sampling near intrusives (cf., Evans, 

1988, p. 191). 

For temperature calculations, we used the model of Sweeney and Burnham (1990). For 

the timing of heating and cooling phases we used the basin burial history as reported by 

Enkelmann et al. (2015). Briefly, we used the beginning of deposition as the starting point 
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of heating (taking the age estimates given by Evans, 1988) with rapid heating in the first 

million years (until 36 Ma), a first phase of cooling (40/36-26 Ma), followed by a phase 

of tectonic quiescence (26-17 Ma, assuming minor burial temperature changes), and a 

second phase of cooling (17-0 Ma). 

Using this model to achieve reported VR values (within the described heating and cooling 

time intervals), high heating rates and heat flow is required, indicating a rapid burial as 

suggested by Evans (1988, 1991, 1994). The maximum burial temperature estimates are 

given in Tab. A5.8. 

Text A5.4. Fluid oxygen isotopic composition  

A5.4.1. Chumstick samples 

We calculated the oxygen isotopic composition of water (δ18Owater) from ∆47 temperatures 

and δ18Ocarbonate values using oxygen isotope fractionation coefficients calculated after 

O'Neil et al. (1969) for high temperature equilibrium fractionations (0-500 °C), modified 

by Friedman and O'Neil (1977) to account for a different value of the H2O-CO2 

fractionation factor a = 1,0412 (see their figure 13): 

1000 ln α = 2.78 (106*T-2) - 2.89, 

where α is the oxygen isotope fractionation coefficient and T is the fractionation 

temperature (in K). For clarity and to avoid temperature interpolations between sample 

localities, we only used calculated δ18Owater from those sections where we obtained 

clumped isotope analyses (Tab. A5.2, A5.9). 

A5.4.2. Columbia Plateau samples  

Stable isotope data from Takeuchi et al. (2010) were converted to to δ18Owater values using 

the oxygen isotope fractionation equation of Kim and O'Neil (1997) and the temperature 

estimates for a certain time interval as given in Takeuchi and Larson (2005). Both proxy 

records, carbonate (Takeuchi et al., 2010) and smectite data (Takeuchi and Larson, 2005), 

are in good agreement with each other. 
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Figures 

 

 

 

 

Fig. A5.1. Hand specimen and thin section photographs of carbonate concretions. (a) thin 

section photograph of sample 11-KM-256 (Deadhorse Canyon), (b) thin section 

photograph of sample 12-KM-012 (Cole’s Corner) showing angular quartz and feldspar 

grains, deformed biotite grains and pseudosparitic (15-30 µm) to sparitic (>30µm) calcite 

cement, (c) thin section photograph of a calcic horizon at Malaga Road (sample 11-KM-

055), (d) inner part of a sand filled carbonate-cemented root mold at Malaga Road (11-

KM-057), (e) outer part of a sand filled carbonate-cemented root mold at Malaga Road 

(11-KM-057), (f) Carbonate-cemented sandstone concretions with internal bedding 

(sample 11-KM-035; Clark Canyon).  
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Fig. A5.2. Carbonate ∆47 temperatures (in °C) versus calculated δ18Ofluid compositions (in 

‰, VSMOW) of the precipitating waters using the calcite-water fractionation equation of 

O'Neil et al. (1969), modified by Friedman and O'Neil (1977) (after Henkes et al., 2014). 

Symbols represent Chumstick samples. Lines denote constant δ18Ocarbonate values 

(calculate by solving the calcite-water fractionation equation of O'Neil et al., 1969).  
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Tables 

Tab. A5.1. Summary of sampling localities in the Chumstick basin. 

Section 

Depositional 

phase 

(after Evans, 

1988) 

Stratigraphic unit 

(after Evans, 

1988) 

location 

within the 

Chumstick 

basin 

coordinates  number 

of 

samples latitude longitude 

Clark 
Canyon 

phase 1 
Clark Canyon 

Member 
 

47°40.658 
to 

47°40.776 

120°36.229 
to 

120°36.505 
n = 14 

Camas 
Creek 

phase 2 
Tumswater 
Mountain 
Member 

western 
subbasin 

  n = 21 

Camasland phase 2 

Tumswater 

Mountain 
Member 

western 

subbasin 

47°26.473 

and 
47°26.447 

120°35.275 

and 
120°35.182 

n = 2 

Nahahum 
Canyon 

phase 2 
Nahahum Canyon 

Member 
eastern 

subbasin 
47°33.734 120°25.513 n = 8 

Olalla 
Canyon 

phase 2 
Nahahum Canyon 

Member 
eastern 

subbasin 
47°35.557 120°28.477 n = 9 

Monitor phase 2 
Nahahum Canyon 

Member 
eastern 

subbasin 
47°28.773 120°24.007 n = 13 

Deadhorse 
Canyon 

phase 3 
Deadhorse 

Canyon Member 
 

47°42.613 
to 

47°42.618 

120°42.162 
to 

120°42.173 
n = 48 

Cole’s 

Corner 
phase 3 

Deadhorse 

Canyon Member 
 47°44.834 120°44.485 n = 9 

North Plain phase 3 
Deadhorse 

Canyon Member 
 47°47.252 120°39.863 n = 1 

Malaga 

Road 
phase 3 

Deadhorse 

Canyon Member 
 

47°23.226 

to 
47°23.259 

120°16.897 

to 
120°17.010 

n = 25 

Mission 
Ridge 

  
fault 

material 
47°17.831 120°23.751 n = 2 

 

 

Tab. A5.2. Stable isotope data. Carbonate samples with GasBench oxygen (δ18O, 

VSMOW, ‰) and carbon (δ13C, VPDB, ‰) isotope ratios. Minimum, maximum, mean 

and standard deviation values of δ18O (VSMOW, ‰), δ13C (VPDB, ‰) are given as well. 

Different sub-samples are from the same hand specimen, if not mentioned otherwise. 

Bold text indicates samples used for clumped isotope analyses. sst= sandstone. 

Section/ 

sample 

name 

coordinates 
 

lithology strati-

graphic 

height 

δ
13C δ

18O δ
18Owater 

longitude latitude  
[‰, 

VPDB] 
[‰, 

VSMOW] 
[‰, 

VSMOW] 

Clark 

Canyon 
n=14       

11KM-029* 120°36.131 47°40.674 concretion towards top 
of section 

-12.6* 14.8* -1.5* 

11KM-030 120°36.229 47°40.658 concretion -10.3 9.5 -6.8 

11KM-031 120°36.229 47°40.658 concretion  -17.6 9.4 -6.9 

11KM-032 120°36.229 47°40.658 concretion  -9.7 9.5 -6.8 

11KM-033 120°36.235 47°40.660 concretion  -9.2 10.1 -6.3 

11KM-034 120°36.297 47°40.664 concretion  -9.0 9.3 -7.1 

11KM-021 120°36.335 47°40.674 concretion  -9.5 9.7 -6.7 

11KM-035 120°36.334 47°40.679 concretion  -9.0 9.9  
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11KM-036 120°36.334 47°40.679 concretion  -8.4 9.9 -6.4 

11KM-037 120°36.369 47°40.687 concretion  -11.0 8.0 -7.4 

11KM-038 120°36.449 47°40.750 concretion  -9.2 9.1 -7.2 

11KM-039 120°36.452 47°40.754 concretion towards 
base of 

section  

-9.2 9.2  

11KM-040 120°36.492 47°40.786 concretion -9.6 9.2 -7.2 

11KM-041 120°36.505 47°40.776 concretion -7.0 9.4 -6.9 

    min. -17.2 9.0 -7.4 

    max. -7.0 10.1 -6.3 

    mean -9.9 9.5 -6.9 

    stDev 2.4 0.3 0.3 

* sample 11KM-029 was considered as an outlier and excluded 

Camas Creek n=21       

11KM-001A 120°38.165 47°28.757 concretion 180 -8.2 13.3  

11KM-001B 
   

180 -8.6 12.9  

11KM-001C 
   

180 -8.2 13.3  

11KM-002 120°38.104 47°28.755 concretion 128 -12.3 14.2  

11KM-003 120°38.102 47°28.751 concretion 89 -13.6 12.7  

11KM-004 120°38.098 47°28.749 concretion 81 -8.0 12.5  

11KM-005 in between 
 

concretion 80.5 -7.7 15.1  

11KM-006 120°38.072 47°28.722 concretion  80 -6.4 12.7  

11KM-007 120°38.031 47°28.711 concretion 49 -8.5 12.8  

11KM-008 120°38.031 47°28.711 concretion 48.5 -9.1 11.8  

11KM-009 120°38.031 47°28.711 concretion 47.5 -8.3 12.1  

11KM-010 120°38.031 47°28.711 concretion 47.5 -9.0 11.8  

11KM-011 120°38.009 47°28.725 concretion 38 -9.1 11.8  

11KM-012 120°38.009 47°28.725 concretion 37 -7.8 11.8  

11KM-013 120°38.005 47°28.727 concretion 36.5 -5.6 14.4  

11KM-014 120°37.973 47°28.741 concretion 34 -6.4 17.4  

11KM-015 120°37.944 47°28.753 concretion 27 -6.8 17.3  

11KM-016 120°37.944 47°28.753 concretion 27 -6.4 17.5  

11KM-017 120°37.874 47°28.689 concretion 3 -8.4 13.0  

11KM-018 120°37.874 47°28.690 concretion 2 -8.3 12.5  

11KM-020 120°37.874 47°28.690 concretion 2 -7.7 14.6  

    min. -13.6 11.8  

    max. -5.6 17.5  

    mean -8.3 13.6  

    stDev 1.8 1.8  

Camasland n=2 
  

 
  

 

12-KM-035 120°35.275 47°26.473 
middle to coarse-

grained sst  

concretion 

 -6.2 13.4  

12-KM-037 120°35.182 47°26.447 
coarse-grained sst 

concretion 
 -8.6 13.6  

    mean -7.4 13.5  

    stDev 1.2 0.1  

Nahahum n=8 
  

    

12-KM-056 120°25.513 47°33.734 
coarse-grained sst 

concretion 
1 3.6 11.0  

12-KM-057  
 

coarse-grained sst 
concretion 

1 3.4 10.6  

12-KM-058   calcareous sst  1.5 1.7 11.2  

12-KM-059A 
  

calcareous sst 2 2.2 10.5  

12-KM-059B 
   

2 3.8 10.2  

12-KM-060 
  

calcareous sst 5 3.5 10.4  

12-KM-061 
  

concretion 6 2.6 10.1  

12-KM-062 
  

calcareous sst 7 3.4 11.3  

    min. 1.7 10.1  

    max. 3.8 11.3  

    mean 3.0 10.6  

    stDev 0.7 0.4  
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Ollala 

Canyon 
n=9       

12-KM-038 120°28.477 47°35.557 
medium-grained 

sst concretion  
1 -3.6 11.0  

12-KM-040   calcareous sst 5 -4,6 11.5  

12-KM-041 
  

concretion 8 -4.2 11.2  

12-KM-041B 
   

8 -2.6 13.6  

12-KM-042A 
  

concretion 9 -2.4 11.4  

12-KM-042B 
   

9 -2.4 11.4  

12-KM-043   concretion 9.5 -2.6 11.1  

12-KM-044A 
  

concretion 10 -2.1 14.2  

12-KM-045 
  

concretion 11 0.9 12.1  

    min. -4.6 11.0  

    max. 0.9 14.2  

    mean -2.6 11.9  

    stDev 1.5 1.1  

Monitor n=13       

12-KM-019 120°24.007 47°28.773 concretion 3.5 -3.1 12.6  

12-KM-020A 
  

concretion 4 -4.7 12.3  

12-KM-020B 
   

4 -5.3 12.5  

12-KM-021 
  

concret layer 4.5 -1.5 12.0  

12-KM-023 
  

concretion 9 -3.8 12.7  

12-KM-024 
  

concretion 9 -4.3 12.3  

12-KM-025 
  

calcareous sst 17 -1.9 12.2  

12-KM-026 
  

concretion 20 -6.2 12.2  

12-KM-027 
  

calcareous sst 23 -7.6 12.0  

12-KM-028 
  

concretion 33 -4.0 12.8  

12-KM-029 
  

concretion 37 -6.5 12.1  

12-KM-030 
  

concretion 38 -2.4 12.7  

12-KM-031 
  

concretion 40 -7.2 11.9  

 
   

min. -7.6 11.9  

    max. -1.5 12.8  

    mean -4.3 12.3  

    stDev 2.0 0.3  

Deadhorse 

Canyon 
n=48       

11KM-223 120°42.162 47°42.613 concretion 180 5.6 8.9 -10.4 

11KM-224 120°42.165 47°42.614 concretion 180.5 0.6 8.8  

11KM-225 120°42.173 47°42.618 caliche 755 4.2 8.6 -10.7 

11KM-226 120°42.451 47°42.768 concretion 185 -7.9 9.1 -10.2 

11KM-227 120°42.462 47°42.775 
concretion 
"nugget" 

424 0.1 9.1 -10.2 

11KM-228 120°42.462 47°42.775 
concretion 

"nugget" 
433 2.5 8.6 -10.7 

11KM-229A 120°42.467 47°42.776 rim+core of a 
"nugget" 

433.5 0.3 8.5 -10.8 

11KM-229B   433.5 0.1 8.5 -10.7 

11KM-230 120°42.469 47°42.778 concretion 436 1.5 9.2 -10.1 

11KM-231 120°42.581 47°42.814 concretion 440 1.7 9.2 -10.1 

11KM-232 120°42.585 47°42.813 concretion 525 -7.3 9.3 -10.0 

11KM-234A 120°42.590 47°42.814 rim+core of a 
"nugget" 

532 -18.7 9.2 -10.1 

11KM-234B   532 -17.5 9.4 -9.9 

11KM-235A 120°42.600 47°42.815 concretion 542 -13.5 9.9 -9.4 

11KM-235B 
   

542 -13.0 9.8 -9.5 

11KM-236 120°42.610 47°42.817 concretion 544 -17.2 9.5 -9.8 

11KM-237 120°42.610 47°42.817 concretion 545.5 -18.9 9.3 -10.0 

11KM-238 120°42.610 47°42.817 concretion 546 0.5 9.0 -10.3 

11KM-239 120°42.610 47°42.817 concretion 546.5 -8.5 9.9 -9.4 

11KM-240 120°42.614 47°42.820 concretion 548 -5.7 11.3 -8.0 

11KM-241A 120°42.614 47°42.820 concretion 559 6.1 9.3 -10.0 

11KM-241B 
   

559 4.5 9.8 -9.5 

11KM-242A 120°42.626 47°42.822 concretion 563 -7.9 9.1 -10.2 
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11KM-242B 
   

563 -9.2 9.1 -10.2 

11KM-243A 120°42.627 47°42.822 core+rim of a 
concretion 

574 -6.7 10.6 -8.6 

11KM-243B   574 -9.0 11.0 -8.3 

11KM-244 120°42.630 47°42.825 
calcareous 

laminated sst 
193 -19.2 9.3 -10.0 

11KM-245A 120°42.640 47°42.819 concretion 576.5 6.0 9.9 -9.4 

11KM-245B    576.5 7.7 10.0 -9.3 

11KM-246 120°42.643 47°42.819 concretion 578 3.5 10.0 -9.3 

11KM-247 120°42.817 47°42.872 concretion 582 3.1 9.9 -9.3 

11KM-248 120°42.834 47°42.876 concretion 717 -5.2 9.8 -9.4 

11KM-249A 120°42.832 47°42.878 concretion 728 -0.2 9.6 -9.7 

11KM-249B 
   

728 0.2 9.7 -9.6 

11KM-250 120°42.832 47°42.878 concretion 732 -11.2 10.1 -9.2 

11KM-251 120°42.832 47°42.878 concretion 732.5 -7.1 9.7 -9.6 

11KM-252 120°42.832 47°42.878 concretion 733 -10.9 9.6 -9.7 

11KM-253A 120°42.835 47°42.879 concretion 733.5 0.9 9.9 -9.4 

11KM-253B 
   

733.5 -8.1 10.0 -9.3 

11KM-254 120°42.844 47°42.880 concretion 739 -3.7 9.7 -9.6 

11KM-255A 120°42.844 47°42.880 concretion 740 2.2 9.9 -9.4 

11KM-255B 
   

740 -5.9 9.8 -9.5 

11KM-256A 120°42.850 47°42.883 concretion 740.5 3.2 9.9  
11KM-256B 

   
740.5 1.1 9.9  

11KM-257 120°42.853 47°42.884 concretion 741 2.3 9.8 -9.5 

11KM-258A 120°42.856 47°42.884 concretion 744 -0.3 9.4 -9.9 

11KM-258B 
   

744 -0.2 9.6 -9.7 

11KM-259 120°42.874 47°42.889 concretion 746.5 -16.4 9.5 -9.8 

11KM-260 120°42.874 47°42.889 concretion 749 -13.7 9.4 -9.9 

    min. -19.2 8.5 -10.8 

    max. 6.1 11.3 -8.0 

    mean -4.2 9.6 -9.7 

    stDev 7.5 0.6 0.6 

Cole's 

Corner 
n=9       

12-KM-012 120°44.485 47°44.834 concretion  -1.0 11.1  

12-KM-013A 
  

concretion  -0.2 11.8 -5.6 

12-KM-013B 
  

concretion  0.0 11.8 -5.6 

12-KM-014A 
  

concretion  -4.4 11.0 -6.4 

12-KM-014B 
  

concretion  -10.7 10.3 -7.1 

12-KM-016 
  

concretion  -20.1 10.7  

12-KM-017A 
  

concretion  -8.6 11.3 -6.1 

12-KM-017B 
  

concretion  -1.5 11.7 -5.7 

12-KM-018 
  

concretion  -9.4 10.8 -6.6 

    min. -20.1 10.3 -7.1 

    max. 0.0 11.8 -5.6 

    mean -6.2 11.2 -6.1 

    stDev 6.3 0.5 0.5 

North Plain        

11KM-042 120°39.863 47°47.252 sandstone  -3.8 11.1  

Malaga Road n=25       

11KM-052 120°16.897 47°23.226 
ped carbonate 

nodule 
17 -10.4 10.2 -9.9 

11KM-055 120°16.957 47°23.243 concretion  43 -4.5 11.3  

11KM-062 120°17.007 47°23.259 
concretion 

"bowl-nugget"  
74 0.4 12.9 -7.2 

11KM-063 120°17.010 47°23.259 concretion 74 -15.1 10.2 -9.9 

11KM-064 120°17.010 47°23.259 concretion 74 -4.2 13.6 -6.5 

11KM-074 120°17.085 47°23.278 concretion 117 -8.6 10.5 -9.7 

11KM-046 120°16.867 47°23.216 calcic horizon 1.5 -7.1 11.6  

11KM-049 120°16.897 47°23.226 mudstone 16.5 -7.1 11.0 -9.1 

11KM-050 120°16.897 47°23.226 calcic sst 17 -10.7 9.4 -10.7 
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11KM-051 120°16.897 47°23.226 mudstone 18 -6.7 11.4 -8.7 

11KM-054 120°16.942 47°23.237 calcic horizon 37 -12.9 11.5 -8.6 

11KM-058 120°16.973 47°23.247 
calcite-cemented 

sandy horizon 
49 -3.3 12.3 -7.8 

11KM-059 120°16.973 47°23.247 

fine-grained 

calcite-cemented 

horizon 

49.5 -7.1 10.3  

11KM-060 120°16.973 47°23.247 
fine-grained 

calcite-cemented 

horizon 

49.7 -7.0 10.3 -9.8 

11KM-061 120°16.973 47°23.247 
fine-grained 

calcite-cemented 
horizon 

50 -10.9 11.4 -8.7 

11KM-065 120°17.010 47°23.259 calcified horizon 74 -14.4 10.0 -10.1 

11KM-070 120°17.051 47°23.268 calcified horizon 98 -6.1 11.2 -8.9 

11KM-071 120°17.051 47°23.268 calcified horizon 98.5 -6.7 11.0  

11KM-072 120°17.082 47°23.276 calcifed sst 113 -6.9 9.7 -10.4 

11KM-073 120°17.082 47°23.276 calcifed sst 113.5 -8.9 8.9 -11.2 

11KM-048 120°16.897 47°23.226 root cast 16.5 -7.7 11.3 -8.8 

11KM-053 120°16.897 47°23.226 calzified root 18 -6.6 11.8 -8.3 

11KM-056 120°16.967 47°23.246 rhizolith 45.3 -6.6 11.4 -8.7 

11KM-057 120°16.967 47°23.246 rhizolith 46 -6.5 11.3  

11KM-066 120°17.010 47°23.259 root cast 74 -14.7 10.7 -9.4 

    min. -15.1 8.9 -11.2 

    max. 0.4 13.6 -6.5 

    mean -8.0 11.0 -9.1 

    stDev 3.6 1.0 1.0 

Mission 

Ridge 
n=2 

 
    

 

12-KM-034A 120°23.751 47°17.831 sparry vein calcite  -6.50 16.5  

12-KM-034B 
 

 sparry vein calcite  -6.18 16.9  

    mean -6.3 16.7  

    stDev -0.2 0.2  

 

 

Tab. A5.3. GasBench stable isotope data (δ18O (VSMOW, ‰), δ13C (VPDB, ‰)) from 

(1) a profile through a concretion (sample 11-KM-021, Clark Canyon) and (2) 

comparison between “rim” and “core” samples from Deadhorse Canyon. Carbonate 

samples w/ oxygen isotope ratios.  

Section/sample name distance from 

top/left 
δ

13C δ
18O 

profile 

„vertical“ [cm] [‰, VPDB] [‰, VSMOW] 

11KM-021 I 0.5 -10.9 9.3 
11KM-021 II 1 -9.8 9.7 
11KM-021 III 2 -9.1 9.6 

11KM-021 IV 3 -8.8 9.7 
11KM-021 V 4 -8.5 9.9 
11KM-021 VI 5 -8.6 9.6 
11KM-021 VII 6 -8.5 9.8 
11KM-021 VIII 7 -8.6 9.7 

11KM-021 IX 8 -8.9 9.7 
11KM-021 X 9 -8.9 9.7 
11KM-021 XI 9.5 -9.1 9.6 

mean -9.1 9.7 
stDev 0.7 0.1 
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„horizontal“   
11KM-021 XII 0.5 -13.0 9.6 
11KM-021 XIII 3 -9.3 9.7 

11KM-021 VI 6 -8.6 9.6 
11KM-021 XIV 9 -8.3 9.7 
11KM-021 XV 12 -8.5 9.8 
11KM-021 XVI 15 -8.7 9.6 

mean -9.4 9.7 
stDev 1.6 0.1 

all 11-KM-021 

measurements 
mean -9.2 9.7 
stDev 1.1 0.1 

sample rim-core   

11KM-229A core 0.3 8.5 
11KM-229B rim  0.1 8.5 

11KM-234A core -18.7 9.2 
11KM-234B rim  -17.5 9.4 

11KM-235A core -13.5 9.9 
11KM-235B rim  -13.0 9.8 

11KM-241A core 6.1 9.3 
11KM-241B rim  4.5 9.8 

11KM-242A core -7.9 9.1 
11KM-242B rim  -9.2 9.1 

11KM-243A core -6.7 10.6 
11KM-243B rim  -9.0 11.0 

11KM-245A core 6.0 9.9 

11KM-245B rim  7.7 8.5 

11KM-249A core -0.2 9.6 
11KM-249B rim  0.2 9.7 

11KM-253A core 0.9 9.9 
11KM-253B rim  -8.1 10.0 

11KM-255A core 2.2 9.9 

11KM-255B rim  -5.9 9.8 

11KM-256A core 3.2 9.9 
11KM-256B rim  1.1 9.9 

11KM-258A core -0.3 9.4 
11KM-258B rim  -0.2 9.6 

 

 

Tab. A5.4. Measured δ47 and ∆47 values (in ‰) of “heated gases” (equilibrated at 

1000°C) and CO2 gases equilibrated at 25 °C. 

Date Sample ID δ47 ∆47, raw 

stDev 

∆47, absolute 

se 

∆47, absolute 

  [‰] [‰] [‰] [‰] 

heated gases      
30.01.2013 HG 1782 -4.000 -0.996 0.017 0.005 

30.01.2013 HG 1783 -22.969 -1.434 0.042 0.013 

31.01.2013 HG 1784 -3.238 -0.973 0.018 0.006 

31.01.2013 HG 1785 -22.199 -1.410 0.031 0.010 

01.02.2013 HG 1786 16.817 -0.503 0.018 0.006 

05.02.2013 HG 1787 -3.512 -0.922 0.026 0.008 

05.02.2013 HG 1788 -3.499 -0.924 0.023 0.007 

06.02.2013 HG 1790 -22.368 -1.362 0.022 0.007 

06.02.2013 HG 1791 13.322 -0.574 0.024 0.007 

07.02.2013 HG 1792 -2.661 -0.856 0.024 0.008 

07.02.2013 HG 1794 -13.817 -1.113 0.034 0.011 

07.02.2013 HG1793 -2.747 -0.910 0.032 0.010 

07.02.2013 HG1795 -13.982 -1.133 0.029 0.009 

08.02.2013 HG1796 16.588 -0.465 0.028 0.009 
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08.02.2013 HG1797 16.482 -0.525 0.023 0.007 

11.02.2013 HG 1801 -1.515 -0.814 0.023 0.007 

11.02.2013 HG 1800 -1.627 -0.816 0.040 0.013 

12.02.2013 HG 1802 -14.416 -1.078 0.027 0.008 

12.02.2013 HG 1803 -14.514 -1.043 0.026 0.008 

12.02.2013 HG 1804 16.244 -0.472 0.024 0.008 

12.02.2013 HG 1805 16.044 -0.517 0.022 0.007 

13.02.2013 HG 1806 -2.619 -0.849 0.027 0.008 

13.02.2013 HG 1807 -2.549 -0.815 0.037 0.012 

13.02.2013 HG 1808 -36.562 -1.487 0.027 0.009 

13.02.2013 HG 1808 -36.435 -1.424 0.034 0.011 

14.02.2013 HG 1810 -2.417 -0.860 0.033 0.010 

14.02.2013 HG 1811 -2.408 -0.819 0.024 0.008 

14.02.2013 HG 1812 16.125 -0.523 0.020 0.006 

14.02.2013 HG 1813 16.017 -0.497 0.015 0.005 

19.02.2013 HG 1816 -36.097 -1.438 0.025 0.008 

19.02.2013 HG 1817 -36.117 -1.441 0.031 0.010 

20.02.2013 HG 1819 -1.617 -0.801 0.028 0.009 

20.02.2013 HG 1818 -1.773 -0.826 0.024 0.008 

21.02.2013 HG 1820 15.699 -0.497 0.029 0.009 

21.02.2013 HG 1821 15.730 -0.487 0.034 0.011 

25.02.2013 HG 1827 -36.901 -1.430 0.026 0.008 

25.02.2013 HG 1828 -37.139 -1.465 0.028 0.009 

26.02.2013 HG 1829 -2.540 -0.824 0.040 0.013 

26.02.2013 HG 1830 -2.708 -0.867 0.018 0.006 

27.02.2013 HG 1834 13.941 -0.559 0.032 0.010 

27.02.2013 HG 1835 13.978 -0.554 0.026 0.008 

28.02.2013 HG 1838 -35.813 -1.418 0.025 0.008 

28.02.2013 HG 1839 -36.067 -1.436 0.032 0.010 

01.03.2013 HG 1844 -1.883 -0.816 0.027 0.008 

01.03.2013 HG 1843 -2.073 -0.840 0.026 0.008 

04.03.2013 HG 1849 17.629 -0.538 0.025 0.008 

05.03.2013 HG 1854 -37.268 -1.465 0.027 0.009 

07.03.2013 HG 1859 -2.846 -0.833 0.029 0.009 

07.03.2013 HG 1858 -2.945 -0.842 0.018 0.006 

08.03.2013 HG 1865 -36.620 -1.446 0.031 0.010 

08.03.2013 HG 1864 -36.795 -1.450 0.025 0.008 

11.03.2013 HG 1873 16.688 -0.505 0.016 0.005 

11.03.2013 HG 1872 16.627 -0.521 0.028 0.009 

13.03.2013 HG 1880 -3.593 -0.837 0.029 0.009 

13.03.2013 HG 1879 -3.524 -0.835 0.031 0.010 

15.03.2013 HG 1890 -36.610 -1.406 0.018 0.006 

15.03.2013 HG 1889 -36.761 -1.432 0.030 0.009 

18.03.2013 HG 1894 16.740 -0.538 0.031 0.010 

18.03.2013 HG 1893 16.724 -0.539 0.017 0.006 

20.03.2013 HG 1902 -2.561 -0.814 0.033 0.010 

20.03.2013 HG 1901 -2.695 -0.822 0.019 0.006 

22.03.2013 HG 1914 -36.563 -1.351 0.026 0.008 

22.03.2013 HG 1913 -36.534 -1.366 0.030 0.010 

25.03.2013 HG 1919 16.869 -0.462 0.033 0.010 

25.03.2013 HG 1918 16.805 -0.529 0.023 0.007 

28.03.2013 HG 1930 -2.243 -0.808 0.029 0.009 

02.04.2013 HG 1938 -35.916 -1.349 0.029 0.009 

02.04.2013 HG 1937 -35.961 -1.336 0.026 0.008 

04.04.2013 HG 1941 14.823 -0.534 0.044 0.014 

10.04.2013 HG 1953 -3.265 -0.823 0.071 0.023 

10.04.2013 HG 1952 -3.379 -0.833 0.022 0.007 

12.04.2013 HG 1964 -36.975 -1.320 0.019 0.006 

12.04.2013 HG 1965 -37.057 -1.325 0.028 0.009 

15.04.2013 HG 1972 17.080 -0.485 0.026 0.008 



 

286 Appendix to Chapter 5 

15.04.2013 HG 1973 17.064 -0.511 0.033 0.010 

22.04.2013 HG1984 -1.499 -0.857 0.040 0.013 

22.04.2013 HG1985 -1.761 -0.823 0.019 0.006 

23.04.2013 HG1986 -38.427 -1.373 0.035 0.011 

23.04.2013 HG1987 -38.531 -1.363 0.024 0.008 

24.04.2013 HG1988 15.746 -0.525 0.033 0.010 

24.04.2013 HG1989 15.064 -0.561 0.036 0.011 

25.04.2013 HG1991 -28.222 -1.182 0.025 0.008 

25.04.2013 HG1992 -28.261 -1.201 0.022 0.007 

29.04.2013 HG1993 -1.993 -0.841 0.028 0.009 

29.04.2013 HG1994 -2.041 -0.830 0.035 0.011 

30.04.2013 HG1996 -29.208 -1.231 0.033 0.010 

30.04.2013 HG1997 -29.224 -1.230 0.026 0.008 

06.05.2013 HG 2005 -2.149 -0.842 0.026 0.008 

06.05.2013 HG 2006 -2.166 -0.820 0.034 0.011 

08.05.2013 HG 2014 13.330 -0.567 0.021 0.007 

08.05.2013 HG 2015 13.050 -0.545 0.025 0.008 

10.05.2013 HG 2023 -34.834 -1.293 0.027 0.009 

10.05.2013 HG 2022 -34.770 -1.292 0.029 0.009 

13.05.2013 HG 2027 -2.226 -0.804 0.030 0.010 

13.05.2013 HG 2026 -2.340 -0.802 0.045 0.014 

14.05.2013 HG 2032 17.075 -0.543 0.032 0.010 

15.05.2013 HG 2038 -23.935 -1.153 0.023 0.007 

22.06.2013 HG 2131 -15.963 -1.049 0.018 0.006 

22.06.2013 HG 2132 18.592 -0.376 0.032 0.010 

24.06.2013 HG 2133 -1.080 -0.761 0.019 0.006 

24.06.2013 HG 2134 -1.137 -0.775 0.032 0.010 

25.06.2013 HG 2137 -24.028 -1.243 0.022 0.007 

25.06.2013 HG 2138 -24.104 -1.229 0.020 0.006 

26.06.2013 HG 2140 13.669 -0.474 0.021 0.007 

26.06.2013 HG 2142 -2.509 -0.806 0.025 0.008 

26.06.2013 HG 2141 13.623 -0.478 0.033 0.011 

26.06.2013 HG 2143 -2.591 -0.791 0.028 0.009 

27.06.2013 HG 2145 -33.196 -1.410 0.031 0.010 

27.06.2013 HG 2144 -33.323 -1.426 0.030 0.010 

28.06.2013 HG 2151 18.076 -0.401 0.041 0.013 

28.06.2013 HG 2152 18.061 -0.398 0.024 0.008 

01.07.2013 HG 2155 -3.222 -0.810 0.024 0.008 

01.07.2013 HG 2156 -3.121 -0.793 0.017 0.005 

02.07.2013 HG 2159 -33.046 -1.419 0.030 0.009 

02.07.2013 HG 2160 -33.207 -1.437 0.036 0.011 

04.07.2013 HG 2172 16.909 -0.466 0.021 0.007 

08.07.2013 HG 2179 -0.534 -0.775 0.028 0.009 

08.07.2013 HG 2180 -0.665 -0.772 0.037 0.012 

11.07.2013 HG 2191 -33.254 -1.385 0.018 0.006 

11.07.2013 HG 2192 -33.265 -1.381 0.026 0.008 

12.07.2013 HG 2203 16.934 -0.488 0.023 0.007 

12.07.2013 HG 2204 16.878 -0.462 0.034 0.011 

15.07.2013 HG 2213 -1.623 -0.792 0.016 0.005 

15.07.2013 HG 2214 -1.583 -0.762 0.027 0.008 

15.07.2013 HG 2215 14.822 -0.488 0.017 0.005 

17.07.2013 HG 2229 -33.361 -1.360 0.014 0.004 

18.07.2013 HG 2234 16.450 -0.451 0.030 0.010 

22.07.2013 HG 2241 -1.073 -0.776 0.031 0.010 

22.07.2013 HG 2242 -1.032 -0.742 0.027 0.009 

23.07.2013 HG 2251 -33.418 -1.397 0.030 0.009 

23.07.2013 HG 2252 -33.322 -1.369 0.026 0.008 

26.07.2013 HG 2257 18.275 -0.389 0.018 0.006 

26.07.2013 HG 2258 18.172 -0.400 0.035 0.011 

29.07.2013 HG 2259 -1.797 -0.767 0.031 0.010 
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29.07.2013 HG 2260 -1.821 -0.754 0.033 0.010 

31.07.2013 HG 2267 -34.591 -1.415 0.030 0.009 

11.11.2013 HG 2381 -34.915 -1.591 0.021 0.007 

12.11.2013 HG 2383 -0.839 -0.865 0.025 0.008 

12.11.2013 HG 2384 18.718 -0.438 0.020 0.008 

13.11.2013 HG 2385 18.657 -0.407 0.024 0.008 

13.11.2013 HG 2386 -0.526 -0.810 0.014 0.004 

13.11.2013 HG 2387 -0.617 -0.839 0.030 0.009 

13.11.2013 HG 2387 -0.628 -0.854 0.026 0.008 

13.11.2013 HG 2387 -0.606 -0.834 0.027 0.008 

13.11.2013 HG 2387 -0.578 -0.800 0.026 0.008 

14.11.2013 HG 2388 -23.920 -1.375 0.037 0.012 

14.11.2013 HG 2389 -23.939 -1.355 0.037 0.012 

14.11.2013 HG 2390 -1.014 -0.834 0.025 0.008 

14.11.2013 HG 2391 -1.066 -0.844 0.025 0.008 

15.11.2013 HG 2396 -1.376 -0.844 0.046 0.015 

15.11.2013 HG 2397 -1.450 -0.848 0.018 0.006 

18.11.2013 HG 2398 22.998 -0.353 0.026 0.008 

18.11.2013 HG 2399 23.030 -0.355 0.030 0.009 

18.11.2013 HG 2400 -26.264 -1.385 0.032 0.010 

18.11.2013 HG 2401 -26.307 -1.400 0.032 0.010 

20.11.2013 HG 2407 -22.495 -1.305 0.022 0.007 

20.11.2013 HG 2412 -1.312 -0.843 0.015 0.005 

20.11.2013 HG 2408 -22.603 -1.322 0.029 0.009 

20.11.2013 HG 2409 22.200 -0.348 0.038 0.012 

20.11.2013 HG 2410 22.068 -0.386 0.038 0.012 

20.11.2013 HG 2411 -1.390 -0.837 0.010 0.003 

25.11.2013 HG 2430 -22.994 -1.304 0.031 0.010 

26.11.2013 HG 2431 22.032 -0.359 0.034 0.011 

29.11.2013 HG 2448 -1.643 -0.842 0.027 0.009 

02.12.2013 HG 2461 -22.536 -1.345 0.036 0.011 

04.12.2013 HG 2474 23.668 -0.356 0.029 0.009 

04.12.2013 HG 2475 23.593 -0.318 0.027 0.008 

05.12.2013 HG 2476 -0.773 -0.884 0.023 0.007 

05.12.2013 HG 2477 -0.866 -0.858 0.025 0.008 

06.12.2013 HG 2485 -23.220 -1.368 0.024 0.008 

09.12.2013 HG 2489 17.479 -0.468 0.026 0.008 

09.12.2013 HG 2490 17.626 -0.430 0.036 0.012 

25 °C gases      

05.02.2013 25G 1787 7.264 0.098 0.029 0.009 

08.02.2013 25G 1798 7.241 0.132 0.024 0.008 

11.02.2013 25G 1799 -30.306 -0.585 0.025 0.008 

14.02.2013 25G 1814 15.500 0.273 0.031 0.010 

14.02.2013 25G 1815 15.347 0.257 0.022 0.007 

21.02.2013 25G 1822 6.207 0.116 0.035 0.011 

21.02.2013 25G 1823 6.142 0.100 0.028 0.009 

25.02.2013 25G 1824 -32.448 -0.589 0.033 0.010 

25.02.2013 25G 1825 -32.590 -0.614 0.028 0.009 

25.06.2013 25G 2135 17.269 0.322 0.032 0.010 

25.06.2013 25G 2136 17.335 0.331 0.034 0.011 

27.06.2013 25G 2147 -29.151 -0.601 0.026 0.008 

27.06.2013 25G 2148 16.552 0.321 0.028 0.009 

27.06.2013 25G 2146 -29.290 -0.616 0.034 0.011 

27.06.2013 25G 2149 16.533 0.315 0.019 0.006 

04.07.2013 25G 2165 8.780 0.161 0.027 0.008 

05.07.2013 25G 2173 -28.822 -0.593 0.025 0.008 

09.07.2013 25G 2182 8.956 0.164 0.027 0.009 

10.07.2013 25G 2186 -28.930 -0.585 0.021 0.007 

10.07.2013 25G 2186 -28.913 -0.572 0.028 0.009 

15.07.2013 25G 2212 16.905 0.310 0.032 0.010 
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15.11.2013 25G 2392 8.420 0.160 0.0210 0.0066 

15.11.2013 25G 2394 -29.149 -0.665 0.0259 0.0082 

15.11.2013 25G 2393 8.370 0.162 0.0231 0.0073 

15.11.2013 25G 2395 -29.218 -0.652 0.0166 0.0053 

19.11.2013 25G 2402 17.466 0.359 0.0342 0.0108 

19.11.2013 25G 2403 -28.783 -0.665 0.0262 0.0083 

19.11.2013 25G 2405 8.072 0.168 0.0256 0.0081 

19.11.2013 25G 2404 -28.819 -0.651 0.0226 0.0072 

19.11.2013 25G 2406 8.003 0.175 0.0217 0.0069 

21.11.2013 25G 2413 18.252 0.358 0.0257 0.0081 

21.11.2013 25G 2414 18.139 0.344 0.0301 0.0095 

22.11.2013 25G 2417 -28.244 -0.658 0.0272 0.0086 

27.11.2013 25G 2437 10.018 0.143 0.0165 0.0052 

27.11.2013 25G 2441 -28.385 -0.637 0.0156 0.0049 

27.11.2013 25G 2438 9.035 0.183 0.0259 0.0082 

27.11.2013 25G 2439 17.776 0.328 0.0257 0.0081 

27.11.2013 25G 2440 17.620 0.365 0.0241 0.0076 

 

 

Tab. A5.5. Measured isotopic compositions (δ47, ∆47, δ
13C and δ18O values in ‰) of 

standard and sample materials.  

Date Sample ID 
Sample 

size 
δ47 ∆47, raw 

∆47, 

absolute 

stDev 

∆47, absolute 

se ∆47, 

absolute 
δ

13C δ
18O 

  [mg] [‰] [‰] [‰] [‰] [‰] 
[‰, 

VPDB] 

[‰, 

VSMOW] 

26.02.2013 Carrara 5.18 16.922 -0.257 0.381 0.0347 0.011 2.035 28.87 

26.02.2013 Carrara 4.78 17.225 -0.269 0.360 0.0299 0.009 1.981 28.24 

26.02.2013 MuStd 8.95 22.606 0.103 0.676 0.0272 0.009 1.671 34.95 

01.03.2013 Carrara 7.08 16.964 -0.250 0.389 0.0220 0.007 2.031 28.91 

01.03.2013 Carrara 7.49 17.048 -0.268 0.367 0.0291 0.009 2.008 29.03 

04.03.2013 Carrara 5.19 17.171 -0.270 0.362 0.0272 0.009 2.006 29.16 

04.03.2013 Carrara 4.61 17.090 -0.273 0.360 0.0267 0.008 2.044 29.04 

05.03.2013 Carrara 7.21 17.303 -0.257 0.372 0.0167 0.005 2.025 29.26 

05.03.2013 Carrara 7.21 17.214 -0.294 0.331 0.0246 0.008 1.992 29.24 

07.03.2013 Carrara 7.96 17.315 -0.248 0.382 0.0298 0.009 2.059 29.23 

07.03.2013 Carrara 6.88 17.092 -0.283 0.347 0.0193 0.006 2.014 29.09 

08.03.2013 Carrara 8.19 17.204 -0.268 0.370 0.0352 0.011 2.020 29.18 

08.03.2013 Carrara 6.82 17.244 -0.290 0.344 0.0267 0.008 1.996 29.26 

11.03.2013 Carrara 8.13 17.253 -0.245 0.393 0.0182 0.006 2.009 29.21 

15.03.2013 Carrara 7.27 17.466 -0.252 0.379 0.0229 0.007 2.031 29.41 

15.03.2013 Carrara 9.1 17.394 -0.271 0.358 0.0294 0.009 2.02 29.37 

18.03.2013 Carrara 6.42 17.433 -0.241 0.391 0.0316 0.010 2.04 29.36 

18.03.2013 Carrara 7.03 17.304 -0.284 0.344 0.0227 0.007 2.02 29.29 

19.03.2013 Carrara 7.32 17.410 -0.247 0.377 0.0374 0.012 2.02 29.36 

19.03.2013 Carrara 7.80 16.678 -0.275 0.359 0.0302 0.010 1.98 28.70 

20.03.2013 Carrara 6.9 17.188 -0.277 0.358 0.0202 0.006 1.99 29.20 

20.03.2013 Carrara 8.2 17.138 -0.268 0.370 0.0258 0.008 2.04 29.09 

21.03.2013 Carrara 7.16 17.304 -0.279 0.354 0.0268 0.008 2.03 29.28 

21.03.2013 Carrara 7.64 17.138 -0.273 0.364 0.0262 0.008 1.97 29.17 

22.03.2013 Carrara 7.29 17.468 -0.265 0.367 0.0233 0.007 2.05 29.41 

22.03.2013 Carrara 8.43 17.186 -0.272 0.364 0.0286 0.009 2.03 29.16 

26.03.2013 Carrara 7.19 17.246 -0.259 0.378 0.0321 0.010 2.02 29.21 

26.03.2013 Carrara 6.51 17.303 -0.272 0.362 0.0241 0.008 1.99 29.31 

28.03.2013 11-KM-071 9.22 -11.602 -0.572 0.550 0.0227 0.007 -8.12 10.39 
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28.03.2013 Carrara 7.32 17.173 -0.257 0.396 0.0294 0.009 2.03 29.13 

28.03.2013 Carrara 8.31 17.165 -0.278 0.371 0.0326 0.010 2.03 29.14 

02.04.2013 Carrara 8.81 17.525 -0.249 0.395 0.0294 0.009 2.05 29.45 

02.04.2013 Carrara 6.25 17.586 -0.276 0.362 0.0267 0.008 2.02 29.56 

03.04.2013 Carrara 9.43 17.538 -0.277 0.363 0.0305 0.010 2.01 29.53 

03.04.2013 Carrara 6.45 17.261 -0.276 0.368 0.0189 0.006 2.04 29.22 

04.04.2013 Carrara 6.68 17.280 -0.289 0.353 0.0316 0.010 2.07 29.23 

04.04.2013 Carrara 7.26 17.313 -0.305 0.334 0.0305 0.010 1.96 29.38 

04.04.2013 11-KM-046 13.94 -8.778 -0.535 0.544 0.0199 0.006 -6.99 12.11 

04.04.2013 11-KM-057 21.95 -9.164 -0.508 0.583 0.0303 0.010 -6.65 11.36 

04.04.2013 11-KM-059 20.65 -10.590 -0.553 0.556 0.0228 0.007 -6.95 10.26 

04.04.2013 11-KM-055 26.48 -7.489 -0.506 0.554 0.0326 0.010 -4.57 11.04 

05.04.2013 Carrara 8.4 17.512 -0.283 0.355 0.0354 0.011 2.02 29.50 

05.04.2013 11-KM-071 9.81 -11.733 -0.573 0.554 0.0359 0.011 -8.16 10.30 

05.04.2013 11-KM-046 12.03 -9.421 -0.507 0.588 0.0204 0.006 -6.88 11.33 

05.04.2013 Carrara 7.73 17.065 -0.270 0.379 0.0345 0.011 1.94 29.12 

10.04.2013 Carrara 6.64 17.396 -0.324 0.313 0.0213 0.007 2.06 29.39 

10.04.2013 Carrara 7.41 17.052 -0.310 0.336 0.0201 0.006 2.06 29.39 

10.04.2013 11-KM-057 27.29 -9.319 -0.534 0.553 0.0347 0.011 -6.58 11.16 

10.04.2013 11-KM-055 26.76 -6.976 -0.488 0.565 0.0273 0.009 -4.46 11.43 

11.04.2013 Carrara 7.57 17.466 -0.267 0.380 0.0274 0.009 2.02 29.44 

11.04.2013 Carrara 6.98 17.451 -0.261 0.386 0.0167 0.005 1.99 29.45 

11.04.2013 11-KM-059 25.07 -10.651 -0.558 0.550 0.0271 0.009 -6.90 10.15 

12.04.2013 Carrara 6.60 17.493 -0.262 0.386 0.0234 0.007 1.98 29.50 

12.04.2013 Carrara 7.42 17.391 -0.274 0.375 0.0228 0.007 2.02 29.37 

15.04.2013 Carrara 6.57 17.480 -0.246 0.408 0.0271 0.009 2.02 29.44 

15.04.2013 Carrara 8.52 17.369 -0.264 0.389 0.0202 0.006 2.04 29.32 

16.04.2013 Carrara 7.75 17.280 -0.258 0.397 0.0281 0.009 2.05 29.22 

16.04.2013 Carrara 7.85 17.432 -0.301 0.344 0.0216 0.007 1.98 29.48 

19.04.2013 Carrara 14.96 17.527 -0.242 0.412 0.0252 0.008 2.06 29.43 

19.04.2013 Carrara 9.7 17.749 -0.255 0.392 0.0208 0.007 2.08 29.65 

19.04.2013 Carrara 6.85 17.076 -0.280 0.375 0.0354 0.011 2.03 29.05 

06.05.2013 Carrara 8.4 17.255 -0.320 0.329 0.0366 0.012 2.00 29.44 

06.05.2013 Carrara 6.5 16.596 -0.290 0.376 0.0307 0.010 1.87 28.88 

06.05.2013 MuStd 11.9 22.341 0.027 0.646 0.0155 0.005 1.69 34.02 

07.05.2013 Carrara 7.17 17.438 -0.270 0.384 0.0182 0.006 1.99 29.59 

07.05.2013 Carrara 6.6 17.127 -0.299 0.356 0.0290 0.009 2.01 29.29 

10.05.2013 Carrara 6.4 16.689 -0.305 0.357 0.0151 0.005 1.95 28.91 

10.05.2013 MuStd 6.65 22.207 0.066 0.694 0.0366 0.012 1.63 33.91 

13.05.2013 Carrara 6.85 17.301 -0.293 0.360 0.0319 0.010 1.98 29.48 

13.05.2013 MuStd 8.6 22.411 0.112 0.745 0.0254 0.008 1.67 34.04 

16.05.2013 MuStd 8.1 22.240 0.085 0.715 0.0216 0.007 1.67 33.88 

16.05.2013 NBS 19 6.62 16.293 -0.283 0.389 0.0190 0.006 1.99 28.47 

17.05.2013 MuStd 10.85 22.412 0.076 0.703 0.0253 0.008 1.71 34.02 

17.05.2013 NBS 19 6.65 16.387 -0.293 0.376 0.0250 0.008 1.98 28.16 

21.05.2013 MuStd 11.1 22.633 0.094 0.719 0.0225 0.007 1.64 34.27 

21.05.2013 NBS 19 7.1 16.486 -0.318 0.346 0.0325 0.010 1.90 28.36 

01.07.2013 MuStd 9.4 23.510 0.208 0.706 0.0168 0.0053 1.74 34.19 

01.07.2013 NBS19 6.6 17.321 -0.197 0.361 0.0207 0.0065 2.07 28.56 

04.07.2013 Dyscolia 5.9 22.829 0.205 0.734 0.0363 0.0114 2.49 33.21 

10.07.2013 Dyscolia 6.1 22.752 0.179 0.718 0.0330 0.0104 2.56 33.09 

13.07.2013 Dyscolia 5.9 22.680 0.185 0.729 0.0356 0.0113 2.54 33.03 

13.07.2013 Dyscolia 6.3 22.677 0.198 0.744 0.0260 0.0082 2.53 33.03 

22.07.2013 Dyscolia 6.0 22.722 0.200 0.731 0.0300 0.0094 2.60 33.00 

21.11.2013 Arctica 6.00 23.679 0.240 0.726 0.0267 0.0085 1.53 34.38 

21.11.2013 Arctica 5.00 23.637 0.221 0.705 0.0291 0.0092 1.50 34.38 

22.11.2013 Arctica 4.00 23.507 0.244 0.734 0.0217 0.0069 1.40 34.33 

22.11.2013 Carrara 4.60 18.043 -0.203 0.365 0.0305 0.0096 1.81 29.39 

23.11.2013 Carrara 4.78 18.077 -0.194 0.374 0.0267 0.0085 1.87 29.35 

23.11.2013 Carrara 4.86 17.960 -0.190 0.382 0.0196 0.0062 1.82 29.28 
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25.11.2013 Carrara 4.36 18.037 -0.175 0.396 0.0244 0.0077 1.82 29.34 

25.11.2013 11-KM-256 14.75 -0.974 -0.4494 0.547 0.0290 0.009 2.73 9.88 

25.11.2013 Carrara 5.26 17.980 -0.195 0.376 0.0307 0.0097 1.79 29.33 

25.11.2013 11-KM-224 18.57 -4.528 -0.539 0.533 0.0226 0.007 0.36 8.70 

26.11.2013 Carrara 4.99 18.022 -0.160 0.414 0.0332 0.0105 1.82 29.31 

26.11.2013 Carrara 5.48 18.096 -0.179 0.391 0.0352 0.0111 1.86 29.37 

26.11.2013 11-KM-035 17.80 -12.274 -0.701 0.538 0.0298 0.009 -9.16 10.24 

26.11.2013 11-KM-224 18.60 -4.072 -0.509 0.555 0.0231 0.007 0.29 9.18 

28.11.2013 Carrara 5.31 18.386 -0.169 0.395 0.0252 0.0080 1.96 29.55 

28.11.2013 12-KM-012 17.64 -2.716 -0.499 0.533 0.0251 0.008 -0.11 10.91 

28.11.2013 Carrara 4.84 17.978 -0.193 0.378 0.0326 0.0103 1.83 29.29 

28.11.2013 11-KM-035 17.91 -12.735 -0.727 0.519 0.0373 0.012 -8.57 9.24 

29.11.2013 11-KM-256 17.38 -0.870 -0.436 0.559 0.0257 0.008 2.75 9.95 

29.11.2013 Carrara 4.78 17.833 -0.178 0.398 0.0429 0.0136 1.81 29.15 

29.11.2013 11-KM-012 17.35 -2.977 -0.480 0.561 0.0308 0.010 -0.15 10.67 

30.11.2013 Carrara 5.90 18.077 -0.195 0.373 0.0242 0.0076 1.84 29.39 

30.11.2013 MuStd 6.09 23.577 0.239 0.727 0.0422 0.0134 1.54 34.69 

30.11.2013 12-KM-016 20.32 -24.555 -0.993 0.506 0.0230 0.007 -21.48 10.07 

30.11.2013 11-KM-039 16.72 -13.622 -0.783 0.478 0.0266 0.008 -9.17 8.98 

02.12.2013 Carrara 4.51 18.066 -0.194 0.375 0.0460 0.0145 1.83 29.38 

02.12.2013 MuStd 5.14 23.613 0.241 0.728 0.0146 0.0046 1.47 34.80 

02.12.2013 12-KM-016 18.47 -24.577 -1.000 0.498 0.0269 0.008 -21.43 10.01 

03.12.2013 Carrara 4.48 17.993 -0.186 0.385 0.0345 0.0109 1.83 29.30 

03.12.2013 11-KM-039  -13.099 -0.748 0.505 0.0446 0.014 -9.16 9.46 

03.12.2013 MuStd 5.08 23.767 0.239 0.722 0.0377 0.0119 1.55 34.87 

 



 

 

 

Tab. A5.6 Measured ∆47 values for each sample and calculated temperatures using the calibration of Guo et al. (2009).  

 11-KM-071 11-KM-046 11-KM-055 11-KM-057 11-KM-059 12-KM-012 12-KM-016 11-KM-244 11-KM-256 11-KM-035 11-KM-039 

Section  Malaga Road Malaga Road Malaga Road Malaga Road Malaga Road Cole’s 
Corner 

Cole’s 
Corner 

Deadhorse 
Cyn. 

Deadhorse 
Cyn. 

Clark Cyn. Clark Cyn. 

∆47 values [‰] of 
replicate 

measurements 

0.550 0.544 0.554 0.583 0.556 0.533 0.506 0.533 0.547 0.538 0.478 
0.554 0.588 0.565 0.553 0.550 0.561 0.498 0.555 0.559 0.519 0.505 

mean ∆47 [‰] 0.552 0.566 0.559 0.568 0.553 0.547 0.502 0.544 0.553 0.528 0.491 
stDev. ∆47 [‰] 0.002 0.032 0.008 0.021 0.005 0.020 0.005 0.016 0.009 0.013 0.019 

stEr. ∆47 [‰] 0.002 0.022 0.006 0.015 0.003 0.014 0.004 0.011 0.006 0.009 0.013 

calculated 

T [°C] 
79 71 75 70 78 82 112 84 78 94 121 

            

∆47 min [‰] 0.550 0.544 0.554 0.553 0.550 0.533 0.498 0.533 0.547 0.519 0.478 
T max [°C] 80 84 78 78 80 90 115 91 82 100 132 
            
∆47 max [‰] 0.554 0.588 0.565 0.583 0.556 0.561 0.506 0.555 0.559 0.538 0.505 

T min [°C] 78 59 72 62 76 74 109 77 75 88 110 
            
T error 2σ [°C] 2 25 6 16 4 17 6 13 7 12 21 

T error 1σ [°C] 1 12 3 8 2 8 3 7 4 6 11 
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Tab. A5.7. VR data from Evans (1988) grouped according to depositional phase and 

depositional area (see Appendix text A5.3). Values above 0.9 % were excluded from 

further interpretation due to the potential influence of heating prior to deposition or 

proximity to intrusives (Evans, 1988). 

Locality VR StDev Locality VR StDev Locality VR StDev 

 [%R0] [%R0]  [%R0] [%R0]  [%R0] [%R0] 

PHASE 1     PHASE 2     PHASE 3     

Clark Canyon 1.07 0.03 western subbasin   southern depo.   

 0.77 0.05 Camasland Rd 0.66 0.05 Malaga Rd 0.44 0.03 

 0.73 0.06  0.53 0.04  0.44 0.04 

 0.72 0.05  0.53 0.06  0.44 0.04 

 0.72 0.05 Wright Cyn. 0.44 0.03  0.39 0.04 

 0.94 0.05 Spronberg Cy. 0.48 0.09 mean (Malaga) 0.43 0.02 

mean (Clark Cyn.) 0.74 0.02 Devils Gulch 0.65 0.04 Stemilt Cyn. 0.33 0.05 

No.2 Canyon 1.47 0.16 mean (west) 0.55 0.08 Dry Gulch  0.42 0.05 

Cashmere 0.68 0.04 east subbasin   mean (south) 0.41 0.04 

 0.60 0.05 Ollala Cyn. 0.39 0.04 northen depo.   

Mission Creek 0.54 0.06 Nahahum Cyn. 0.42 0.03 Deadhorse 

Cyn. 

0.63 0.04 

 0.40 0.03 Monitor 0.51 0.04 Cole’s Corner 0.45 0.03 

 0.44 0.03 Sunnyslope Rd. 0.56 0.05  0.45 0.02 

Derby Canyon 1.94 0.46  0.58 0.04 South Plain 0.75 0.04 

 0.52 0.03  0.58 0.04  0.7 0.03 

Eagle Creek 0.76 0.06 mean (east) 0.51 0.08  0.74 0.04 

 0.96 0.04 mean (phase2) 0.53 0.08  0.6 0.03 

Peshastin 0.74 0.05     0.7 0.06 

 0.85 0.04    N TumwaterC. 0.62 0.04 

Leavenworth 0.73 0.09    Natapoc Mtn 0.49 0.04 

 0.47 0.04    North Plain 0.45 0.04 

Chumstick Creek 0.67 0.06     0.59 0.05 

Camp 12 Road 0.72 0.06     0.49 0.03 

Uminer's Road 2.08 0.14     0.66 0.05 

Squilchuck C. 1.66 0.48     0.66 0.03 

mean (excl. VR > 0.9) 0.65 0.13     0.95 0.06 

      Fish Lake 0.59 0.04 

      Pole Ridge 0.49 0.04 

      Maeadow Ck 0.45 0.03 

      Chiwawa 0.5 0.03 

      Trinity 0.66 0.05 

      mean (north) 0.58 0.10 

      mean (phase3) 0.54 0.12 
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Tab. A5.8. Comparison of temperature estimates using clumped isotope thermometry, 

and vitrinite reflectance-based temperature estimates, following the temperature 

calculations of Sweeney and Burnham (1990). ∆47 temperatures are given as mean values 

for each section. Errors are calculated by error propagation. The parameters for the 

maximum burial temperature estimates after Sweeney and Burnham (1990) are given in 

the method section of the supplementary material (see Appendix text A5.3). 

VR data  ∆47 temperature 

VR-based maximum burial 

temperature (Sweeney and 

Burnham, 1990) 

 [°C] [°C] 

Clark Canyon 107 ± 12 ~125 

phase 1 107 ± 12 ~115 

Deadhorse Canyon 81 ± 8 ~110 

phase 3, northern depocenter 81 ± 8 ~96 

Cole’s Corner 97 ± 9 ~80 

phase 3, northern depocenter 97 ± 9 ~96 

Malaga Road 75 ± 15 ~72 

phase 3, southern depocenter 75 ± 15 ~68 

 

Tab. A5.9. Calculated oxygen isotope ratios of fluid, assumed to be in equilibrium with 

the precipitated carbonates. We used the mean ∆47 temperatures for each section, the 

mean δ18Ocarbonate, and the calcite-water fractionation coefficients of O'Neil et al. (1969) 

for high temperature equilibrium fractionations (0-500 °C), modified by Friedman and 

O'Neil (1977) to account for a different value of the H2O-CO2 fractionation factor a = 

1,0412 (see Appendix text A5.4). 

Section/ section ∆47 T 
∆47 

Tmin 
∆47 Tmax δ

18Ocarbonate δ
18Owater δ

18Owater, min δ
18Owater, max 

 [°C] [°C] [°C] 
[‰, 

VSMOW] 
[‰, 

VSMOW] 

[‰, 

VSMOW] 

[‰, 

VSMOW] 

Clark Canyon        
11-KM-035 94 88 100 9.9 -7.9 -8.6 -7.2 

11-KM-039 121 110 132 9.2 -5.8 -6.8 -4.9 

    average -6.9   
     1.0   

Deadhorse 

Canyon 
       

11KM-224 84 77 91 8.8 -10.2 -11.0 -9.4 
11KM-256 78 75 82 9.9 -9.8 -10.2 -9.3 

    
average -10.0   

     
0.2   

Cole's Corner        
12KM-012 82 74 90 11.1 -8.1 -9.2 -7.1 

12KM-016 112 109 115 10.7 -5.1 -5.4 -4.9 

    average -6.6   
     1.5   

Malaga Road        
11-KM-071 79 78 80 11.0 -8.6 -8.7 -8.5 
11-KM-059 78 76 80 10.3 -9.3 -9.6 -9.1 
11-KM-046 71 59 84 11.6 -9.0 -10.8 -7.4 
11-KM-055 75 72 78 11.3 -8.8 -9.2 -8.4 

11-KM-057 70 62 78 11.3 -9.5 -10.7 -8.4 

    
average -9.0   

     
0.3   
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Figures 

 

 

Fig. A6.1.
 40Ar/39Ar age spectra of the Sage Creek Basin. (A-D) 40Ar/39Ar age spectra of 

mineral separates from a reworked ash layer (sample 11-KM-080) of the lower unit of the 

Sage Creek Formation. (E-F) 40Ar/39Ar age spectra of mineral separates from a reworked 

ash layer (sample 11-KM-148) from the base of the Cook Ranch section. 
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Fig. A6.2. 207Pb/238U-206Pb/238U concordia diagram of an andesitic intrusion sampled in 

the Muddy Creek Basin (locality V2, sample 12-KM-496, c.f., Chapter 6, Tab. 1).  

 

 



 

 

Tables 

Tab. A6.1. 
40Ar/39Ar geochronology data of Sage Creek Basin samples. 

CO2 laser Relative Isotopic Abundances Derived Results 

(Watts) 40Ar ±1σ 
39Ar ±1σ 

38Ar ±1σ 
37Ar ±1σ 

36Ar ±1σ 
39Ar Mol∞ 10-

14 

39Ar % of 

total 
%40Ar* 

Age 

(Ma) 
±1σ 

11KM-080.1 – biotite; J ± 1σ = 0.001069  ± 0.00001 
        

  
 

0.8 144335 36 459.9 15.1 94.7 6.1 45.30 5.38 414.36 0.81 0.02 32.1 15.2 89.54 4.25 

1.0 84940 26 321.6 14.4 31.8 6.0 21.49 5.51 223.13 0.64 0.02 22.5 22.4 110.44 5.29 
1.2 118977 32 412.0 15.7 55.1 6.0 12.17 5.78 324.21 0.75 0.02 28.8 19.5 105.26 4.71 
1.4 67911 23 237.3 13.9 67.6 6.4 30.36 5.85 184.29 0.52 0.01 16.6 19.8 106.18 6.46 

11KM-080.2 – biotite; J ± 1σ = 0.001069  ± 0.00001 
        

  
 

0.7 72834 22 360.8 13.6 67.4 6.3 22.10 5.79 213.06 0.62 0.02 6.5 13.6 52.03 2.93 
0.8 116322 29 1317.3 14.4 55.4 6.4 63.58 5.72 265.58 0.70 0.06 23.8 32.5 54.55 0.99 

0.9 103781 28 826.5 14.4 65.0 6.2 36.37 5.72 237.55 0.62 0.04 14.9 32.4 76.68 1.69 
1.0 88760 24 850.8 14.4 105.2 6.5 48.14 5.92 195.94 0.60 0.04 15.4 34.8 68.61 1.44 
1.1 38970 17 470.7 13.7 30.5 6.6 22.72 5.72 73.74 0.38 0.02 8.5 44.1 69.03 2.03 
1.2 50021 18 539.4 14.4 12.6 6.3 102.83 5.85 98.60 0.45 0.03 9.7 41.8 73.24 2.01 

1.3 47304 19 781.3 15.0 18.6 6.3 31.26 5.59 70.66 0.36 0.04 14.1 55.9 64.04 1.25 
1.4 15119 14 283.1 13.7 16.0 6.1 41.86 6.05 18.82 0.18 0.01 5.1 63.3 64.00 2.93 
1.6 6319 13 109.1 12.7 12.5 6.3 16.74 5.66 8.02 0.14 0.01 2.0 62.6 68.58 7.51 

11KM-080.3 – biotite; J ± 1σ = 0.001069  ± 0.00001 
        

  
 

0.7 107909 26 352.4 14.4 85.1 6.7 66.44 5.92 328.40 0.79 0.02 7.0 10.1 58.60 4.12 
0.8 276318 62 843.3 14.2 179.6 6.1 85.09 5.85 811.05 1.20 0.04 16.7 13.3 81.94 3.64 

0.9 165376 42 552.0 15.1 98.0 6.5 48.75 5.92 473.06 0.94 0.03 10.9 15.5 87.24 3.82 
1.0 121106 32 367.9 15.1 67.1 6.5 29.86 5.92 349.98 0.83 0.02 7.3 14.6 90.39 4.91 
1.1 147229 40 419.0 14.4 95.2 7.1 57.56 5.92 427.71 0.88 0.02 8.3 14.2 93.49 4.75 
1.2 190664 49 439.8 15.1 132.4 6.3 42.15 5.98 558.97 1.08 0.02 8.7 13.4 108.44 5.67 

1.3 144060 36 386.2 15.1 94.6 6.1 23.56 5.92 414.93 0.79 0.02 7.6 14.9 103.98 5.37 
1.4 117634 30 344.3 15.1 71.4 6.4 22.63 5.53 336.36 0.82 0.02 6.8 15.5 99.34 5.40 
1.5 100054 29 261.4 15.7 72.0 6.4 32.71 5.72 289.89 0.73 0.01 5.2 14.4 103.19 7.04 
1.6 172080 40 447.2 15.1 109.4 6.8 87.20 5.79 504.43 0.98 0.02 8.8 13.4 96.72 5.04 

1.7 154215 35 506.7 14.4 80.6 6.0 100.90 5.66 428.78 0.88 0.02 10.0 17.9 101.85 4.08 
1.8 48038 18 135.4 14.3 11.7 6.3 64.18 5.72 139.13 0.44 0.01 2.7 14.5 96.32 10.20 

11KM-080.4 – green biotite; J ± 1σ = 0.001069  ± 0.00001   
0.7 484530 120 1398.7 16.4 290.4 6.0 23.17 5.78 1500.81 1.76  0.07 11.2  8.5 55.68 3.82 
0.8 539669 110 2991.3 15.9 347.6 6.4 22.47 5.71 1503.95 1.76  0.15 24.0 17.7 60.34 1.83 
0.9 305167 68 2073.6 15.1 170.9 6.6 9.96 5.98 804.99 1.20  0.10 16.6 22.1 61.47 1.49 
1.0 207540 48 1489.8 15.8 120.3 6.4 8.76 5.85 537.43 1.07  0.07 11.9 23.5 61.94 1.50 



 

 

1.1 148136 34 1085.5 16.4 78.8 6.3 0.00 5.71 382.72 0.82  0.05  8.7 23.7 61.14 1.60 

1.2 95537 25 722.9 14.0 29.7 6.2 0.00 5.71 237.38 0.68  0.04  5.8 26.6 66.42 1.78 
1.3 66264 20 513.3 15.1 29.6 6.4 9.38 5.39 159.09 0.52  0.03  4.1 29.1 70.87 2.32 
1.4 45691 18 364.4 15.1 20.0 6.2 0.00 5.58 109.79 0.42  0.02  2.9 29.0 68.68 2.94 
1.5 42446 18 339.6 15.1 28.2 6.4 3.26 5.98 103.88 0.41  0.02  2.7 27.7 65.46 3.01 

1.6 40836 18 361.1 15.1 19.1 6.0 25.96 5.78 99.53 0.44  0.02  2.9 28.0 60.00 2.64 
1.7 31024 17 283.1 15.1 32.1 6.3 12.67 5.85 76.26 0.38  0.01  2.3 27.4 56.92 3.09 
1.8 52878 21 443.9 15.1 49.5 5.8 0.00 5.10 132.56 0.46  0.02  3.6 25.9 58.51 2.23 
1.9 43880 18 407.2 14.1 30.4 6.7 0.00 5.85 108.49 0.49  0.02  3.3 26.9 55.05 2.15 

11KM-090.1 – biotite; J ± 1σ = 0.001069  ± 0.00001 
        

  
 

0.7 114716 30 628.7 15.2 96.3 6.6 7.32 5.86 340.67 0.73  0.03  2.7 12.2 42.56 2.23 

0.8 115044 27 1477.5 17.1 61.3 6.5 36.62 5.79 234.36 0.58  0.07  6.4 39.8 58.76 0.92 
0.9 77737 24 1726.9 15.9 41.3 6.5 35.77 5.99 90.03 0.38  0.08  7.4 65.8 56.18 0.56 
1.0 64664 19 1661.9 15.9 21.4 6.2 15.83 5.86 55.66 0.33  0.08  7.1 74.6 55.05 0.54 
1.1 64083 21 1575.5 15.8 22.9 6.3 0.00 5.79 60.30 0.35  0.08  6.8 72.2 55.70 0.58 

1.2 56407 20 1380.6 17.8 25.1 6.3 31.73 5.92 56.65 0.30  0.07  5.9 70.3 54.54 0.71 
1.3 59715 22 1464.8 17.8 48.1 6.4 22.00 6.06 62.84 0.34  0.07  6.3 68.9 53.34 0.66 
1.4 54951 20 1425.4 16.5 12.5 6.2 6.74 5.86 49.37 0.31  0.07  6.1 73.5 53.75 0.63 
1.5 91800 27 2908.0 16.6 71.8 6.1 12.56 5.79 44.81 0.29  0.14 12.5 85.6 51.31 0.31 

1.6 83443 22 2976.0 17.2 61.3 6.5 43.97 5.73 19.99 0.19  0.15 12.8 92.9 49.52 0.29 
1.7 59794 20 2213.3 15.9 40.3 6.3 9.85 5.79 11.24 0.17  0.11  9.5 94.5 48.50 0.34 
1.8 40922 19 1504.4 15.8 21.6 6.2 21.70 5.49 10.99 0.15  0.07  6.5 92.1 47.62 0.49 
1.9 30918 18 1092.0 16.4 44.7 6.1 40.25 5.55 9.41 0.14  0.05  4.7 91.0 49.00 0.70 

2.0 29098 18 1078.6 16.4 23.8 6.6 19.00 5.49 7.22 0.12  0.05  4.6 92.7 47.55 0.69 
2.2 4119 13 143.8 15.0 0.0 6.2 0.00 5.92 1.75 0.09  0.01  0.6 87.2 47.46 4.66 

11KM-090.2 – biotite; J ± 1σ = 0.001069  ± 0.00001 
        

  
 

0.8 191525 44 843.9 15.7 123.6 5.7 220.48 5.38 548.24 1.08  0.04  2.2 15.5 66.37 2.65 
0.9 53578 20 602.5 15.1 36.0 6.0 396.43 5.78 110.24 0.44  0.03  1.6 39.4 66.45 1.76 
1.0 35014 17 622.9 15.1 27.5 6.0 131.83 5.85 50.53 0.27  0.03  1.6 57.5 61.23 1.45 

1.1 32835 16 748.7 15.7 17.0 6.4 23.34 5.71 28.89 0.23  0.04  2.0 74.0 61.49 1.24 
1.2 28978 14 832.0 15.1 16.9 6.1 0.00 5.38 16.47 0.18  0.04  2.2 83.2 54.97 0.95 
1.3 40473 18 1240.4 15.7 17.3 6.0 11.42 5.71 18.94 0.20  0.06  3.3 86.2 53.38 0.66 
1.4 64993 21 1963.0 15.1 44.8 6.3 0.00 5.64 36.18 0.25  0.10  5.1 83.5 52.52 0.41 

1.5 71322 21 2264.1 14.5 32.2 5.7 0.00 5.71 40.08 0.27  0.11  5.9 83.4 49.91 0.34 
1.6 78644 26 2530.4 17.2 63.3 5.9 9.82 5.51 35.19 0.27  0.12  6.6 86.8 51.23 0.36 
1.7 110018 29 3770.0 15.3 73.5 6.2 22.57 5.26 34.87 0.25  0.18  9.9 90.6 50.26 0.22 
1.8 116338 29 4210.4 15.4 70.4 6.0 0.00 5.85 23.34 0.20  0.21 11.0 94.1 49.40 0.20 
1.9 83521 27 3004.5 15.9 24.6 5.9 0.00 5.51 15.74 0.20  0.15  7.9 94.4 49.88 0.27 

2.0 128493 28 4750.5 15.5 58.3 6.4 17.22 5.51 14.18 0.19  0.23 12.4 96.7 49.72 0.18 
2.2 227655 49 8560.9 17.7 120.6 6.3 38.23 5.51 20.77 0.24  0.42 22.4 97.3 49.18 0.13 



 

 

2.4 59395 21 2220.5 15.8 37.3 6.1 22.20 5.99 9.92 0.15  0.11  5.8 95.1 48.35 0.34 

11KM-090.3 – green biotite; J ± 1σ = 0.001069  ± 0.00001 
        

  
 

0.8 207973 50 1408.4 17.1 120.4 6.7 25.96 5.85 569.69 0.94  0.07 14.8 19.1 53.43 1.61 

0.9 146744 38 1509.4 15.8 80.5 6.0 50.32 5.65 335.42 0.81  0.07 15.8 32.5 59.82 1.06 
1.0 67777 22 915.9 15.7 21.8 6.1 14.43 5.65 135.70 0.43  0.04  9.6 40.8 57.31 1.12 
1.1 88257 25 1164.8 15.7 40.6 6.4 20.69 5.58 177.21 0.53  0.06 12.2 40.7 58.42 0.99 
1.2 48889 18 806.3 14.4 17.9 6.1 29.64 5.52 84.60 0.35  0.04  8.5 48.9 56.23 1.07 

1.3 29722 16 612.6 14.4 19.7 6.1 14.73 5.65 44.02 0.25  0.03  6.4 56.3 51.83 1.21 
1.4 64935 23 1126.3 15.1 27.8 6.2 66.19 5.71 104.92 0.41  0.06 11.8 52.3 57.17 0.85 
1.6 63636 23 1787.4 14.0 9.6 6.4 36.01 5.65 43.04 0.30  0.09 18.7 80.0 54.08 0.44 
1.8 4053 12 203.2 14.1 13.1 6.0 38.25 5.39 3.59 0.11  0.01  2.1 74.2 28.29 1.88 

11KM-148.1 – biotite; J ± 1σ = 0.001069  ± 0.00001 
        

  
 

0.7 145134 37 497.4 15.2 87.9 6.4 23.49 5.61 444.36 0.89  0.02 17.3  9.5 52.81 3.59 

0.8 139295 34 972.3 15.8 74.5 6.5 19.86 6.06 371.51 0.84  0.05 33.8 21.2 57.57 1.70 
0.9 53986 19 445.3 15.8 10.9 6.2 0.00 5.86 134.39 0.43  0.02 15.5 26.4 60.71 2.36 
1.0 29982 16 228.2 13.4 0.0 6.3 14.58 5.86 71.84 0.38  0.01  7.9 29.2 72.45 4.23 
1.1 19679 16 173.1 15.1 11.1 6.2 6.69 6.12 46.49 0.29  0.01  6.0 30.2 64.98 5.47 

1.2 20173 15 187.4 15.2 8.1 6.3 1.49 5.79 47.63 0.29  0.01  6.5 30.2 61.63 4.85 
1.3 11775 14 107.0 14.8 5.8 6.4 0.00 6.12 26.86 0.23  0.01  3.7 32.5 67.60 8.84 
1.4 9588 14 139.6 14.8 0.0 6.3 0.08 5.79 21.28 0.21  0.01  4.8 34.4 44.95 4.58 
1.6 12156 14 129.1 13.5 0.0 6.2 10.16 5.79 27.85 0.22  0.01  4.5 32.3 57.74 5.80 

11KM-148.2 – biotite; J ± 1σ = 0.001069  ± 0.00001 
        

  
 

0.7 192333 46 800.3 15.1 113.5 6.0 24.32 5.78 580.26 0.99  0.04 18.6 10.9 49.57 2.76 

0.8 251513 53 1554.9 15.1 119.7 6.1 22.92 5.57 681.66 1.18  0.08 36.2 19.9 61.02 1.71 
0.9 61766 22 370.1 14.4 12.8 6.1 2.03 5.37 163.17 0.56  0.02  8.6 21.9 69.19 3.09 
1.0 35171 16 258.1 15.1 14.7 5.7 11.77 5.71 90.87 0.37  0.01  6.0 23.7 61.10 3.66 
1.1 41863 18 310.5 14.4 17.5 6.0 26.62 5.43 103.49 0.41  0.02  7.2 27.0 68.74 3.31 

1.2 34884 17 275.3 15.1 42.5 6.5 0.00 5.57 85.69 0.37  0.01  6.4 27.4 65.64 3.62 
1.3 26456 16 218.3 15.1 1.3 5.8 2.16 5.37 64.89 0.32  0.01  5.1 27.5 63.15 4.29 
1.4 19311 15 162.1 14.4 4.6 6.2 0.00 5.64 48.45 0.31  0.01  3.8 25.9 58.39 5.10 
1.6 14114 14 190.1 14.4 0.0 6.0 4.69 5.71 33.20 0.24  0.01  4.4 30.5 43.12 3.23 

1.8 15792 14 156.9 14.4 0.0 6.1 20.46 5.71 39.12 0.26  0.01  3.7 26.8 51.30 4.62 

11KM-148.3 – biotite; J ± 1σ = 0.001069  ± 0.00001 
        

  
 

0.8 100638 27 964.8 14.4 59.8 6.4 0.00 5.65 267.08 0.73  0.05 42.9 21.6 42.85 1.24 
1.0 61066 20 625.2 14.4 36.4 6.0 46.22 5.58 160.49 0.52  0.03 27.8 22.4 41.61 1.38 
1.2 18040 14 200.4 13.7 0.0 6.3 0.00 5.71 44.64 0.30  0.01  8.9 26.8 45.96 3.17 
1.4 35168 16 309.2 13.7 10.7 6.4 0.00 5.78 93.60 0.33  0.02 13.7 21.4 46.19 2.29 

2.0 11577 14 149.9 14.3 18.2 6.4 14.63 5.78 27.44 0.21  0.01  6.7 30.0 44.12 4.11 
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Tab. A6.2. Stable isotope data of the Sage Creek Formation (Sage Creek Basin, MT) with 

GasBench oxygen (δ18O, VSMOW, ‰) and carbon (δ13C, VPDB, ‰) isotope ratios and 

calculated CaCO3 contents (in %). 

Section/ 

sample 

coordinates 

lithology comment 

strati-

graphic 

height 

δ
13C δ

18O CaCO3 

Longitude 

(W) 

Latitude 

(N) 

[‰. 

VPDB] 

[‰. 

VSMOW] 
[%] 

UPPER SAGE CREEK       

11KM-081 112°35.860 44°45.517 nodules base 1 -0.1 12.1 9 
11KM-082 112°35.860 44°45.517 nodules   1.2 0.0 12.3 20 
11KM-083 112°35.860 44°45.517 nodules  1.4 -0.6 13.3 30 
11KM-084 112°35.860 44°45.517 nodules   1.6 0.0 12.6 26 

11KM-085 112°35.860 44°45.517 nodules   1.8 -0.9 12.9 30 
11KM-086 112°35.860 44°45.517 nodules   2 0.4 12.6 26 
11KM-087 112°35.860 44°45.517 nodules   2.2 -0.2 13.0 22 
11KM-088 112°35.860 44°45.517 nodules top 2.2 -0.4 13.1 31 

11KM-089 112°35.861 44°45.515 nodules above fault 2.6 -1.0 12.1 30 
11KM-090 112°35.763 44°45.462 ash          

LOWER SAGE CREEK        

11KM-075 112°35.490 44°44.511 nodules   1 -3.0 16.0 53 
11KM-076 112°35.490 44°44.511 nodules   1.2 -3.9 15.1 55 
11KM-077 112°35.490 44°44.511 nodules   1.4 -2.9 14.1 34 

11KM-078 112°35.490 44°44.511 nodules   1.5 -3.3 14.0 34 
11KM-079 112°35.490 44°44.511 nodules   1.3 -3.0 14.4 53 
11KM-080 112°35.513 44°44.500 ash            

 

Tab. A6.3. Stable isotope data of the Cook Ranch member (Sage Creek Basin, MT) with 

GasBench oxygen (δ18O, VSMOW, ‰) and carbon (δ13C, VPDB, ‰) isotope ratios and 

calculated CaCO3 contents (in %). 

Section/ 

sample 

coordinates 

lithology comment 

strati-

graphic 

height 

δ
13C δ

18O CaCO3 

Longitude 

(W) 

Latitude 

(N) 

[‰. 

VPDB] 

[‰. 

VSMOW] 
[%] 

11KM-148 
 

 
carbonaceous 
ash/tuff  

0.3    

11KM-149   nodule  0.8 -4.0 15.2 46 
11KM-150   caliche  0.6 -0.4 17.9 38 
11KM-151   nodule  1.4 -3.5 17.5 45 
11KM-153   martix  1.5 -4.9 15.7 50 

11KM-152   nodule  1.7 -3.5 16.3 38 
11KM-154   caliche  4.0 -3.2 15.4 23 
11KM-155   nodule  4.3 -6.0 16.2 40 
11KM-156   nodule  4.6 -6.4 14.5 39 

11KM-157   nodule  4.6 -3.4 18.7 58 
11KM-158   nodule  5.2 -4.0 18.5 58 
11KM-159   concretion  5.3 -3.5 16.9 42 
11KM-160   concretion  5.5 -3.8 17.3 38 

11KM-165A   nodule  6.0 -3.5 14.9 40 
11KM-166A   nodule  6.3 -3.4 15.1 46 
11KM-161   nodule  6.4 -3.8 17.4 46 
11KM-162   caliche  6.6 -3.8 17.7 41 

11KM-167   caliche  6.6 -2.5 17.8 30 
11KM-163   nodule  6.7 -4.1 17.6 48 
11KM-164   nodule  7.3 -3.9 17.7 48 
11KM-168   caliche  7.8 -2.7 13.5 32 

11KM-169   concretion inner part 9.3 -3.8 17.8 48 
11KM-170   concretion outer part 9.3 -3.1 17.3 36 
11KM-172   caliche  10.0 -3.2 16.1 32 
11KM-173   nodule  10.1 -3.5 17.3 44 
11KM-174   caliche  10.8 -2.1 13.6 35 
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11KM-175   caliche  11.8 -3.6 17.8 46 
11KM-176   caliche  12.8 -3.8 18.0 45 
11KM-177   nodule  13.6 -3.8 17.9 52 

11KM-178   caliche  13.7 -5.4 13.4 36 
11KM-179   concretion  14.3 -3.4 17.2 44 
11KM-180   siltstone  14.6 -3.6 17.8 46 
11KM-181   nodule  14.7 -3.7 17.9 47 

11KM-183   nodule  14.8 -5.2 14.4 38 
11KM-184   root cast  15.0 -3.9 17.9 43 
11KM-186   caliche  15.4 -2.9 15.8 34 
11KM-182   caliche  16.2 -4.9 15.1 39 
11KM-187   caliche  17.1 -2.2 13.3 38 

11KM-189A   caliche  17.8 -3.2 15.1 37 
11KM-191   nodule  18.4 -3.7 17.3 41 
11KM-192   caliche  18.5 -2.0 13.1 34 
11KM-193   caliche  19.4 -5.4 15.3 38 

12-KM-439A   nodule  29.6 -4.7 12.7 51 
12-KM-438A   nodule  29.9 -3.9 12.6 45 
12-KM-437A   nodule  30.1 -3.5 14.4 39 
11KM-194   caliche  30.1 -3.6 13.1 32 

11KM-195   caliche  30.3 -3.4 13.5 40 
12-KM-435A   caliche  31.0 -3.0 14.4 38 
11KM-196   caliche  31.3 -4.4 14.8 48 
11KM-197   caliche  31.6 -3.8 15.0 55 

12-KM-434A   caliche  31.7 -3.3 13.0 37 
12-KM-433A   nodule  32.3 -2.6 14.3 49 
12-KM-432A   nodule  33.2 -3.8 15.3 51 
11KM-198   nodule  33.3 -3.8 16.8 64 

12-KM-431A   nodule  33.7 -3.8 15.3 59 
12-KM-430A   nodule  33.9 -3.4 17.3 49 
11KM-200   concretion  34.3 -3.9 15.2 52 
12-KM-429A   caliche  34.4 -3.4 15.7 38 

12-KM-428A   caliche  34.6 -4.8 13.6 42 
12-KM-427A   caliche  35.0 -3.5 12.6 43 
11KM-199   caliche  35.4 -4.8 14.3 45 
12-KM-426A   nodule+burrow  35.4 -3.2 17.3 44 

12-KM-425A   nodules  35.7 -3.7 15.4 41 
11KM-201   nodule  36.2 -5.4 14.9 39 
11KM-202   caliche  36.5 -4.0 15.5 45 
11KM-203   siltstone  36.6 -4.7 13.9 48 

12-KM-424A   caliche  36.6 -2.8 13.9 43 
12-KM-423A   nodule  36.9 -5.5 15.9 49 
12-KM-422A   nodule  37.1 -4.4 15.3 48 
11KM-204   caliche  37.4 -4.0 14.6 42 

12-KM-421A   caliche  37.6 -3.6 15.8 46 
12-KM-420A   nodule  37.9 -3.6 15.9 43 
12-KM-419A   nodule  38.0 -4.7 16.2 49 
11KM-205   concretion  38.1 -3.3 16.1 42 
11KM-206   caliche  38.3 -4.4 15.3 46 

12-KM-418A   caliche  38.5 -3.6 15.6 43 
11KM-207   nodule  38.6 -5.9 14.8 44 
11KM-208   root cast  38.7 -4.1 14.9 39 
12-KM-417A   nodules  38.9 -3.4 15.8 43 

12-KM-416A   caliche  39.4 -4.4 15.1 44 
11KM-209   nodule  39.4 -3.4 15.8 38 
12-KM-415A   caliche  39.5 -3.5 14.3 42 
12-KM-414A   nodule  39.8 -3.9 15.4 45 

11KM-210   caliche  40.4 -4.6 15.8 53 
12-KM-413A   caliche  40.5 -4.3 15.2 41 
12-KM-412A   root cast  40.6 -3.9 15.6 39 
12-KM-411A   caliche  40.7 -4.8 14.9 49 

12-KM-410A   nodule  41.3 -4.1 15.7 43 
12-KM-409A   nodules  41.6 -3.8 15.7 44 
12-KM-408A   caliche  42.0 -4.6 15.4 38 
12-KM-407A   nodules  42.2 -5.2 13.8 37 

11KM-211   nodule  42.7 -3.4 15.9 45 
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12-KM-406A   caliche  43.1 -3.4 15.7 43 
12-KM-405A   caliche  43.2 -4.3 15.2 38 
12-KM-404A   nodules  43.2 -4.8 15.9 40 

12-KM-402A   nodule  44.4 -4.9 15.9 43 
12-KM-399A   nodules  45.5 -5.4 16.2 43 
12-KM-397A   nodules  46.0 -4.7 16.1 69 
12-KM-396A   nodule  46.2 -3.0 14.9 46 

12-KM-395A   nodule  46.3 -5.6 15.8 53 
11KM-212   nodule  46.4 -2.6 16.1 45 
12-KM-394A   root cast  46.5 -4.2 16.4 42 
12-KM-393A   nodules  46.7 -4.8 18.3 49 
12-KM-391A   nodule  47.0 -5.4 17.0 54 

12-KM-390A   nodules  47.2 -5.1 16.2 40 
11KM-213   caliche  47.3 -1.3 13.0 32 
12-KM-389A   nodules  47.4 -5.2 15.8 55 
11KM-214   caliche  47.7 -3.2 13.2 28 

12-KM-387A   nodules  47.8 -5.2 15.8 42 
12-KM-386A   nodules  47.9 -1.2 14.1 56 
12-KM-385A   nodules  48.0 -5.2 15.8 45 
12-KM-384A   nodules  48.1 -5.6 16.0 58 

12-KM-383A   nodules  48.3 -5.3 16.2 48 
12-KM-382A   nodule  48.7 -3.0 16.0 42 
12-KM-381A   nodule  48.9 -5.1 15.5 55 
12-KM-381A   nodule  48.9 -1.1 13.8 28 

12-KM-380A   nodule  49.1 -3.3 16.3 44 
12-KM-379A   burrow  49.3 -4.1 16.4 34 
12-KM-379B   nodule  49.3 -3.6 14.1 45 
12-KM-376A   burrow  49.2 -4.4 17.2 33 

12-KM-377A   nodule  49.2 -4.7 15.9 41 
12-KM-375A   nodule  49.5 -3.2 16.3 50 
12-KM-373A   nodule  49.7 -3.8 13.2 37 
12-KM-373B   nodule  49.7 -4.5 16.7 38 

12-KM-372A   siltstone  49.7 -1.8 14.2 13 
12-KM-371A   nodule  49.7 -0.9 13.0 28 
12-KM-369B   nodule  49.8 -0.8 13.4 30 
12-KM-370A   siltstone  49.8 -5.2 13.0 38 

11KM-215   caliche  49.9 -4.6 15.4 45 
11KM-216   caliche  63.6 -3.4 13.3 29 
12-KM-371S   nodule-sparit  49.7 -1.5 12.7 83 

 

Tab. A6.4. Stable isotope data of individual nodules from the Cook Ranch section with 

GasBench oxygen (δ18O, VSMOW, ‰) and carbon (δ13C, VPDB, ‰) isotope ratios and 

calculated CaCO3 contents (in %). Minimum, maximum, mean and standard deviation 

values of δ18O (VSMOW, ‰), δ13C (VPDB, ‰), and %CaCO3 are given as well. 

sample/ 

sub-sample 

stratigraphic 

height 
lithology comment distance 

δ
13C δ

18O CaCO3 

[‰. VPDB] [‰. VSMOW] [%] 

        
11KM-149 0.8 nodule bulk  -4.0 15.2 46 
11-KM-149-L1    1 -4.2 15.4 47 
11-KM-149-L2    2 -4.3 15.4 41 

11-KM-149-L3    3 -4.1 15.3 43 
11-KM-149-L4    4 -3.8 15.3 44 
11-KM-149-L5    5 -3.8 14.9 48 
11-KM-149-L6    6 -3.7 15.2 46 

11-KM-149-L7    7 -4.0 15.2 44 
11-KM-149-L8    8 -3.8 15.2 49 
11-KM-149-L9    9 -3.9 15.0 43 
11-KM-149-L10    10 -4.1 15.2 50 

11-KM-149-L11    11 -3.9 15.3 45 
11-KM-149-L12    12 -4.0 15.2 50 
11-KM-149-L13    13 -3.9 15.3 48 
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11-KM-149-Q1    1 -3.7 15.3 45 
11-KM-149-Q2    2 -3.8 14.8 55 
11-KM-149-Q3    3 -3.6 13.9 48 

11-KM-149-Q4    4 -3.7 13.8 49 

   mean  -3.9 15.0 47 
   stDev  0.2 0.5 3 
   min  -4.3 13.8 41 

   max  -3.6 15.4 55 
   range  0.6 1.6 14 

11-KM-151 1.4 nodule bulk  -3.5 17.5 45 

11-KM-151-L1    1 -3.6 17.3 50 
11-KM-151-L2    2 -3.8 17.2 73 
11-KM-151-L3    3 -3.4 17.7 49 
11-KM-151-L4    4 -3.5 17.6 51 

11-KM-151-L5    5 -3.7 17.4 48 
11-KM-151-L6    6 -3.8 16.5 45 
11-KM-151-L7    7 -3.9 15.5 46 
11-KM-151-Q1    1 -3.5 17.2 50 

11-KM-151-Q2    2 -3.5 17.4 49 
11-KM-151-Q3    3 -3.5 17.3 46 
11-KM-151-Q4    4 -3.6 17.3 48 
11-KM-151-Q5    5 -3.4 16.9 48 

   mean  -3.6 17.1 50 
   stDev  0.2 0.6 7 
   min  -3.9 15.5 45 
   max  -3.4 17.7 73 

   range  0.5 2.3 28 

11-KM-152 1.7 nodule bulk  -3.5 16.3 38 
11-KM-152-L1    1 -5.4 16.2 46 

11-KM-152-L2    2 -3.6 16.1 45 
11-KM-152-L3    3 -3.6 16.4 48 
11-KM-152-L4    4 -3.6 16.1 51 
11-KM-152-L5    5 -3.6 15.9 55 

11-KM-152-L6    6 -3.7 15.7 50 

   mean  -3.9 16.1 49 
   stDev  0.7 0.2 3 
   min  -5.4 15.7 45 

   max  -3.6 16.4 55 
   range  1.9 0.8 9 

11-KM-155 4.3 nodule bulk  -6.0 16.2 40 

11-KM-155-L1    1 -6.4 15.7  
11-KM-155-L2    2 -6.2 15.6 38 
11-KM-155-L3    3 -5.8 16.3 55 
11-KM-155-L4    4 -5.7 16.2 55 

11-KM-155-L5    5 -5.8 16.2 59 
11-KM-155-L6    6 -5.9 16.1 52 
11-KM-155-L7    7 -5.9 15.1 47 
11-KM-155-Q1    1 -6.2 15.7 45 
11-KM-155-Q2    2 -5.8 16.2 50 

11-KM-155-Q3    3 -5.7 16.3 61 
11-KM-155-Q4    4 -6.0 16.2 58 
11-KM-155-Q5    5 -6.5 15.6 43 

   mean  -6.0 15.9 51 
   stDev  0.3 0.4 7 
   min  -6.5 15.1 38 
   max  -5.7 16.3 61 

   range  0.8 1.2 23 

11-KM-156 4.6 nodule   -6.4 14.5 39 
11-KM-156-L1    1 -3.9 15.0 40 
11-KM-156-L2    2 -6.1 14.7 38 

11-KM-156-L3    3 -6.0 15.0 40 
11-KM-156-L4    4 -6.7 15.0 33 
11-KM-156-L5    5 -6.3 15.2 39 
11-KM-156-L6    6 -6.4 14.6 42 

11-KM-156-L8    7 -6.1 14.9 43 
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11-KM-156-L9    8 -5.5 14.0 42 
11-KM-156-L10    9 -4.3 13.6 43 
11-KM-156-L11    10 -4.1 14.1 40 

11-KM-156-L12    11 -3.7 15.4 38 
11-KM-156-Q1    1 -3.9 14.2 35 
11-KM-156-Q2    2 -4.1 13.9 39 
11-KM-156-Q3    3 -6.3 14.7 43 

11-KM-156-Q4    4 -6.0 14.9 41 
11-KM-156-Q5    5 -6.1 14.5 41 

   mean  -5.3 14.6 40 
   stDev  1.1 0.5 3 

   min  -6.7 13.6 33 
   max  -3.7 15.4 43 
   range  3.0 1.8 10 

11-KM-157 4.6 nodule   -3.4 18.7 58 
11-KM-157-L1    1 -3.0 17.6 40 
11-KM-157-L2    2 -3.4 18.7 56 
11-KM-157-L3    3 -3.5 18.9 62 

11-KM-157-L4    4 -3.4 18.7 59 
11-KM-157-L5    5 -3.4 18.6 46 
11-KM-157-L6    6 -3.4 18.3 50 
11-KM-157-Q1    1 -3.3 18.4 51 
11-KM-157-Q2    2 -3.4 18.5 51 

11-KM-157-Q3    3 -3.4 18.7 56 

   mean  -3.4 18.5 52 
   stDev  0.1 0.4 6 

   min  -3.5 17.6 40 
   max  -3.0 18.9 62 
   range  0.5 1.3 22 

11-KM-158 5.2 nodule   -4.0 18.5 58 
11-KM-158-L1    1 -4.9 17.3 54 
11-KM-158-L2    2 -4.1 17.5 52 
11-KM-158-L3    3 -3.6 17.2 59 

11-KM-158-L4    4 -3.5 17.8 60 
11-KM-158-L5    5 -3.1 18.0 56 
11-KM-158-L6    6 -4.0 18.1 64 
11-KM-158-L7    7 -3.5 17.9 48 
11-KM-158-Q1    1 -3.5 17.8 55 

11-KM-158-Q2    2 -4.0 17.9 61 
11-KM-158-Q3    3 -4.1 17.9 60 

   mean  -3.8 17.8 57 

   stDev  0.5 0.3 5 
   min  -4.9 17.2 48 
   max  -3.1 18.1 64 
   range  1.8 0.9 16 

11-KM-159 5.3 concretion   -3.5 16.9 42 
11-KM-159-L1    1 -7.2 16.0 35 
11-KM-159-L2    2 -5.3 15.6 33 
11-KM-159-L3    3 -4.9 15.2 39 

11-KM-159-L4    4 -3.9 15.6 34 
11-KM-159-L5    5 -3.9 15.6 41 
11-KM-159-L6    6 -3.6 16.3 41 
11-KM-159-L7    7 -3.5 17.3 49 

11-KM-159-L8    8 -3.9 17.4 40 
11-KM-159-L9    9 -3.9 17.5 47 
11-KM-159-L10    10 -3.9 17.5 45 
11-KM-159-L11    11 -3.8 17.7 41 

11-KM-159-L12    12 -3.9 17.6 41 
11-KM-159-L13    13 -3.8 17.6 42 
11-KM-159-L14    14 -3.6 17.2 53 
11-KM-159-Q1    1 -3.9 17.5 43 

11-KM-159-Q2    2 -3.8 17.6 44 
11-KM-159-Q3    3 -3.7 17.6 43 
11-KM-159-Q4    4 -3.5 17.0 40 
11-KM-159-Q5    5 -3.5 16.7 39 
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   mean  -4.1 16.9 42 
   stDev  0.9 0.8 5 
   min  -7.2 15.2 33 

   max  -3.5 17.7 53 
   range  3.7 2.4 20 

11-KM-160 5.5 concretion   -3.8 17.3 38 

11-KM-160-L1    1 -6.0 16.2 38 
11-KM-160-L2    2 -4.1 15.9 38 
11-KM-160-L3    3 -3.6 16.3 37 
11-KM-160-L4    4 -3.6 16.7 39 

11-KM-160-L5    5 -3.6 17.2 42 
11-KM-160-L6    6 -3.9 17.6 43 
11-KM-160-L7    7 -3.9 17.5 25 
11-KM-160-L8    8 -3.9 17.5 43 

11-KM-160-L9    9 -3.9 17.5 45 
11-KM-160-L10    10 -3.8 17.2 37 
11-KM-160-L11    11 -4.8 16.3 41 
11-KM-160-Q1    1 -5.2 16.4 36 

11-KM-160-Q2    2 -3.7 16.5 41 
11-KM-160-Q3    3 -3.8 17.4 42 
11-KM-160-Q4    4 -4.0 17.0 48 
11-KM-160-Q5    5 -3.9 17.5 41 
11-KM-160-Q6    6 -3.9 17.6 48 

   mean  -4.1 17.0 40 
   stDev  0.6 0.6 5 
   min  -6.0 15.9 25 

   max  -3.6 17.6 48 
   range  2.4 1.6 23 

11-KM-165A 6.0 nodule   -3.5 14.9 40 

11-KM-165A-L1    1 -4.4 14.7 44 
11-KM-165A-L2    2 -5.3 14.6 45 
11-KM-165A-L3    3 -3.6 16.3 47 
11-KM-165A-L4    4 -3.3 15.4 46 

11-KM-165A-L5    5 -3.4 15.0 43 
11-KM-165A-L6    6 -3.2 15.6 43 
11-KM-165A-L7    7 -3.7 16.2 44 
11-KM-165A-L8    8 -6.6 15.6 49 
11-KM-165A-L9    9 -4.4 14.4 44 

11-KM-165A-L10    10 -4.4 15.0 51 
11-KM-165A-Q1    1 -4.5 14.9 41 
11-KM-165A-Q2    2 -6.4 15.2 50 
11-KM-165A-Q3    3 -3.6 16.3 47 

11-KM-165A-Q4    4 -3.4 15.6 45 

   mean  -4.3 15.3 46 
   stDev  1.1 0.6 3 

   min  -6.6 14.4 41 
   max  -3.2 16.3 51 
   range  3.3 1.9 10 

11-KM-166A 6.3 nodule   -3.4 15.1 46 

11-KM-166A-L1    1 -4.1 14.1 42 
11-KM-166A-L2    2 -4.3 13.8 40 
11-KM-166A-L3    3 -6.5 15.0 43 
11-KM-166A-L4    4 -3.6 16.3 43 

11-KM-166A-L5    5 -3.6 16.2 43 
11-KM-166A-L6    6 -3.4 15.3 43 
11-KM-166A-L7    7 -3.3 15.0 47 
11-KM-166A-L8    8 -3.2 15.3 47 

11-KM-166A-L9    9 -3.7 16.0 47 
11-KM-166A-L10    10 -5.8 15.9 48 
11-KM-166A-L11    11 -4.6 14.8 44 
11-KM-166A-Q1    1 -4.5 14.6 42 

11-KM-166A-Q2    2 -4.1 16.1 49 
11-KM-166A-Q3    3 -3.3 15.3 49 
11-KM-166A-Q4    4 -3.7 15.0 44 
11-KM-166A-Q5    5 -3.5 14.9 45 
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   mean  -4.1 15.2 44,7 
   stDev  0.9 0.7 2,6 
   min  -6.5 13.8 40,3 

   max  -3.2 16.3 48,9 
   range  3.3 2.4 8,6 

11-KM-161B 6.4 nodule   -3.8 17.4 46 

11-KM-161B-L1    1 -3.7 17.8 43 
11-KM-161B-L2    2 -3.9 17.5 48 
11-KM-161B-L3    3 -3.8 17.5 49 
11-KM-161B-L4    4 -3.9 17.4 48 

11-KM-161B-L5    5 -3.3 17.3 38 
11-KM-161B-Q1    1 -3.5 17.4 44 
11-KM-161B-Q2    2 -3.8 17.5 44 

   mean  -3.7 17.5 45 

   stDev  0.2 0.1 3 
   min  -3.9 17.3 38 
   max  -3.3 17.8 49 
   range  0.6 0.4 10 

11-KM-163 6.7 nodule   -4.1 17.6 48 
11-KM-163-L1    1 -3.1 16.7 27 
11-KM-163-L2    2 -4.1 16.0 41 

11-KM-163-L3    3 -3.7 17.3 44 
11-KM-163-L4    4 -3.9 17.7 40 
11-KM-163-L5    5 -4.0 17.7 49 
11-KM-163-L6    6 -4.0 17.6 47 

11-KM-163-L7    7 -4.0 17.7 44 
11-KM-163-L8    8 -4.0 17.7 46 
11-KM-163-L9    9 -3.7 17.1 42 
11-KM-163-L10    10 -3.9 15.7 39 

11-KM-163-Q1    1    
11-KM-163-Q2    2 -4.0 17.5 47 
11-KM-163-Q3    3 -3.9 17.6 38 
11-KM-163-Q4    4 -4.0 17.4 50 

   mean  -3.9 17.2 43 
   stDev  0.3 0.6 6 
   min  -4.1 15.7 27 
   max  -3.1 17.7 50 

   range  1.0 2.0 23 

11-KM-164 7.3 nodule   -3.9 17.7 48 
11-KM-164-L1    1 -3.9 17.6 43 

11-KM-164-L2    2 -3.8 17.6 47 
11-KM-164-L3    3 -4.0 17.6 54 
11-KM-164-L4    4 -4.0 17.6 54 
11-KM-164-L5    5 -4.0 17.6 46 

11-KM-164-L6    6 -4.0 17.7 50 
11-KM-164-L7    7 -3.9 17.6 57 
11-KM-164-L8    8 -3.9 17.5 54 
11-KM-164-L9    9 -3.9 17.6 46 
11-KM-164-L10    10 -3.9 17.7 50 

11-KM-164-Q1    1    
11-KM-164-Q2    2 -4.0 17.5 48 
11-KM-164-Q3    3 -3.8 17.7 52 
11-KM-164-Q4    4 -3.8 17.7 48 

11-KM-164-Q5    5 -3.8 17.6 46 
11-KM-164-Q6    6 -4.0 17.5 48 
11-KM-164-Q7    7 -3.9 17.7 40 

   mean  -3.9 17.6 49 
   stDev  0.1 0.1 4 
   min  -4.0 17.5 40 
   max  -3.8 17.7 57 

   range  0.3 0.2 17 

11-KM-177 13.6 nodule   -3.8 17.9 52 
11-KM-177-D1    1 -3.5 17.1 46 
11-KM-177-D2    2 -3.5 17.6 37 

11-KM-177-D3    3 -3.9 17.9 43 
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11-KM-177-D4    4 -3.8 17.7 40 
11-KM-177-D5    5 -3.8 17.9 54 
11-KM-177-D6    6 -3.7 17.8 42 

11-KM-177-D7    7 -4.0 17.7 48 
11-KM-177-D8    8 -3.6 17.9 41 
11-KM-177-D9    9 -3.5 17.7 47 

   mean  -3.7 17.7 44 

   stDev  0.2 0.2 5 
   min  -4.0 17.1 37 
   max  -3.5 17.9 54 
   range  0.5 0.8 17 

11-KM-179 14.3 concretion   -3.4 17.2 44 
11-KM-179-L1    1 -4.0 17.3 47 
11-KM-179-L2    2 -4.0 17.9 48 

11-KM-179-L3    3 -3.9 17.8 47 
11-KM-179-L4    4 -3.9 17.9 37 
11-KM-179-L5    5 -3.9 17.8 44 
11-KM-179-L6    6 -4.0 17.7 44 

11-KM-179-L7    7 -3.9 17.8 43 
11-KM-179-L8    8 -3.9 17.8 41 
11-KM-179-L9    9 -3.9 18.0 44 
11-KM-179-L10    10 -3.9 17.7 47 
11-KM-179-L11    11 -3.8 17.8 41 

11-KM-179-L12    12 -3.9 17.7 44 
11-KM-179-Q1    1 -3.8 15.8 43 
11-KM-179-Q2    2 -3.7 17.7 44 
11-KM-179-Q3    3 -3.9 17.8 45 

   mean  -3.9 17.6 44 
   stDev  0.1 0.5 3 
   min  -4.0 15.8 37 

   max  -3.7 18.0 48 
   range  0.3 2.2 11 

11-KM-181 14.7 nodule   -3.7 17.9 47 

11-KM-181-L1    2 -3.9 17.8 43 
11-KM-181-L2    3 -3.7 18.0 44 
11-KM-181-L3    4 -3.7 17.9 43 
11-KM-181-L4    1 -4.1 17.5 41 
11-KM-181-Q1    2 -3.9 17.8 44 

11-KM-181-Q2    3 -3.8 18.2 50 
11-KM-181-Q3    4 -3.7 18.2 46 
11-KM-181-Q4    5 -3.6 18.3 47 

11-KM-181-Q5   mean  -3.9 17.8 44 
   stDev  0.4 0.5 3 
   min  -5.1 16.5 41 
   max  -3.6 18.3 50 

   range  1.5 1.8 9 

11-KM-184 15.0 root cast   -3.9 17.9 43 
11-KM-184-L1    1 -3.3 16.7 41 
11-KM-184-L2    2 -3.5 18.1 41 

11-KM-184-L3    3 -3.9 17.8 38 
11-KM-184-L4    4 -3.9 18.0 45 
11-KM-184-L5    5 -4.0 17.8 41 
11-KM-184-L6    6 -4.0 17.9 47 

11-KM-184-L7    7 -3.6 17.7 40 
11-KM-184-L8    8 -3.6 16.0 36 
11-KM-184-L9    9 -3.3 15.7 35 
11-KM-184-Q1    1 -3.5 16.1 36 

11-KM-184-Q2    2 -3.4 17.6 43 
11-KM-184-Q3    3 -3.8 17.8 42 
11-KM-184-Q4    4 -4.0 17.7 40 

   mean  -3.7 17.3 40 
   stDev  0.2 0.8 3 
   min  -4.0 15.7 35 
   max  -3.3 18.1 47 

   range  0.6 2.4 12 
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11-KM-191 18.4 nodule   -3.7 17.3 41 
11-KM-191-L1    1 -3.7 17.5 42 
11-KM-191-L2    2 -3.6 17.4 45 

11-KM-191-L3    3 -3.7 17.2 48 
11-KM-191-L4    4 -3.6 17.2 42 
11-KM-191-L5    5 -3.6 17.1 46 
11-KM-191-L6    6 -3.8 16.7 47 

11-KM-191-L7    7 -3.7 16.2 44 

   mean  -3.7 17.1 45 
   stDev  0.1 0.4 2 

   min  -3.8 16.2 42 
   max  -3.6 17.5 48 
   range  0.2 1.3 6 

11-KM-198 33.3 nodule   -3.8 16.8 64 

11-KM-198-L1    1 -4.2 16.4 51 
11-KM-198-L2    2 -4.1 15.8 48 
11-KM-198-L3    3 -4.3 16.2 56 
11-KM-198-L4    4 -3.8 16.4 62 

11-KM-198-L5    5 -3.7 15.8 51 
11-KM-198-L6    6 -3.8 15.6 44 
11-KM-198-L7    7 -4.0 15.9 43 
11-KM-198-L8    8 -4.1 16.1 47 

11-KM-198-L9    9 -4.4 15.5 32 
11-KM-198-Q1    1 -4.0 16.8 57 
11-KM-198-Q2    2 -3.6 16.7 56 
11-KM-198-Q3    3 -3.5 17.3 67 

11-KM-198-Q4    4 -3.5 17.1 62 

   mean  -3.9 16.3 52 
   stDev  0.3 0.5 9 

   min  -4.4 15.5 32 
   max  -3.5 17.3 67 
   range  0.9 1.8 35 

11-KM-201 36.2 nodule   -5.4 14.9 39 

11-KM-201-Q1    1 -5.7 14.4 42 
11-KM-201-Q2    2 -4.9 15.8 47 
11-KM-201-Q3    3 -4.3 15.8 48 
11-KM-201-Q4    4 -4.4 16.0 46 

11-KM-201-Q5    5 -5.3 15.2 48 

   mean  -4.9 15.4 46 
   stDev  0.5 0.6 2 

   min  -5.7 14.4 42 
   max  -4.3 16.0 48 
   range  1.4 1.5 6 

11-KM-205 38.1 concretion   -3.3 16.1 42 

11-KM-205-L1    1 -3.3 15.9 48 
11-KM-205-L2    2 -3.3 16.1 42 
11-KM-205-L3    3 -3.3 16.1 43 
11-KM-205-L4    4 -3.4 16.1 42 

11-KM-205-L5    5 -3.4 15.6 41 
11-KM-205-L6    6 -4.4 15.4 43 
11-KM-205-Q1    1 -3.4 15.7 44 
11-KM-205-Q2    2 -3.4 16.3 46 

   mean  -3.5 15.9 44 
   stDev  0.3 0.3 2 
   min  -4.4 15.4 41 

   max  -3.3 16.3 48 
   range  1.1 0.9 7 

11-KM-207 38.6 nodule   -5.9 14.8 44 
11-KM-207-Q1    1 -4.5 15.2 47 

11-KM-207-Q2    2 -4.5 15.4 42 
11-KM-207-Q3    3 -5.2 15.2 46 
11-KM-207-Q4    4 -5.7 14.9 39 
11-KM-207-Q5    5 -4.5 14.3 39 

   mean  -4.9 15.0 43 
   stDev  0.5 0.4 3 
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   min  -5.7 14.3 39 
   max  -4.5 15.4 47 
   range  1.2 1.0 8 

11-KM-209 39.4 nodule   -3.4 15.8 38 
11-KM-209-L1    1 -4.3 15.7 47 
11-KM-209-L2    2 -4.5 15.8 52 
11-KM-209-L3    3 -4.2 15.5 45 

11-KM-209-L4    4 -4.5 15.5 46 
11-KM-209-L5    5 -4.2 15.9 43 
11-KM-209-L6    6 -5.1 15.4 40 
11-KM-209-Q1    1 -4.3 15.3 44 

11-KM-209-Q2    2 -4.3 15.6 49 
11-KM-209-Q3    3 -3.5 15.9 39 

   mean  -4.3 15.6 45 

   stDev  0.4 0.2 4 
   min  -5.1 15.3 39 
   max  -3.5 15.9 52 
   range  1.6 0.7 13 

11-KM-212 46.4 nodule   -2.6 16.1 45 
11-KM-212-L1    1 -4.2 17.5 51 
11-KM-212-L2    2 -3.3 17.3 49 
11-KM-212-L3    3 -2.7 16.2 41 

11-KM-212-L4    4 -2.7 16.3 48 
11-KM-212-L5    5 -3.2 17.0 39 
11-KM-212-L6    6 -4.3 16.9 41 
11-KM-212-Q1    1 -2.5 16.4 40 

11-KM-212-Q2    2 -3.0 16.1 44 
11-KM-212-Q3    3 -2.9 16.1 41 

   mean  -3.2 16.7 44 

   stDev  0.6 0.5 4 
   min  -4.3 16.1 39 
   max  -2.5 17.5 51 
   range  1.8 1.4 11 

 

Tab. A6.5. Stable isotope data of the Muddy Creek Basin with GasBench oxygen 

(VSMOW, ‰) and carbon (VPDB, ‰) isotope ratios and calculated CaCO3 contents (%). 

Section/ 

sample 

coordinates 

lithology comment 

strati-

graphic 

height 

δ
13

C δ
18

O CaCO3 

Longitude 

(W) 

Latitude 

(N) 

[‰. 

VPDB] 

[‰. 

VSMOW] 
[%] 

12-KM-440 112°50.154 44°40.112 nodules start of 
section 2b 

0.9 -5.4 16.6 58 
12-KM-440B    0.9 -5.1 17.1 68 

12-KM-441   nodules  1.5 -5.7 16.9 67 

12-KM-441B     1.5 -4.7 17.5 59 

12-KM-442   nodules  2.2 -4.8 17.1 52 

12-KM-442B     2.2 -5.5 16.5 42 
12-KM-443   nodules  2.6 -5.4 16.4 58 

12-KM-443B     2.6 -5.9 16.1 56 

12-KM-444   nodules  3.1 -4.2 17.5 55 

12-KM-444B     3.1 -4.1 17.6 53 

12-KM-445   nodules  3.6 -5.8 16.3 67 

12-KM-445B     3.6 -6.3 15.9 69 
12-KM-446   nodules  4.0 -5.1 16.8 60 

12-KM-446B     4.0 -4.5 17.1 58 

12-KM-447   nodules  4.4 -5.7 16.8 60 

12-KM-447B     4.4 -5.7 16.6 66 

12-KM-448   nodules  4.6 -6.6 16.1 65 
12-KM-448B     4.6 -7.1 15.9 59 

12-KM-449   nodules  5.2 -6.9 16.2 51 

12-KM-449B     5.2 -5.1 17.2 80 

12-KM-450   nodules  13.3 -5.9 16.6 55 
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12-KM-450B     13.3 -5.5 16.9 52 
12-KM-451   nodules  13.6 -6.1 15.0 31 

12-KM-451B     13.6 -6.1 15.7 45 

12-KM-452   nodules  13.8 -6.5 15.8 67 

12-KM-452B     13.8 -6.2 14.5 74 

12-KM-453   nodules  14.1 -5.3 17.4 48 

12-KM-453B     14.1 -5.2 17.4 56 
12-KM-454   nodules  14.4 -6.6 17.0 65 

12-KM-454B     14.4 -6.3 16.2 66 

12-KM-455   nodules  14.8 -5.9 16.3 53 

12-KM-455B     14.8 -6.4 17.0 65 

12-KM-456   nodules  15.1 -6.1 17.7 63 

12-KM-456B     15.1 -5.2 17.8 59 

12-KM-457   carbonate layer  15.5 -6.6 15.4 60 

12-KM-457B   carbonate layer  15.5 -6.4 16.3 54 

12-KM-458 
  

silicified 
carbonate   

16.3 0.4 16.4 57 

12-KM-458B   limestone?  16.3 1.5 16.9 70 

12-KM-458C I     16.3 -0.5 17.2 56 

12-KM-458C II     16.3 -1.3 17.1 59 

12-KM-458D     16.3 2.0 16.4 62 

12-KM-458E     16.3 0.9 16.3 74 

12-KM-458F     16.3 4.2 15.7 71 

12-KM-459   gypsum crystals  20.9    

12-KM-460   lignite  21.8    

12-KM-461   jarosite  21.8    

12-KM-462   fossil remains  22.9    

12-KM-463   jarosite  30.2    

12-KM-464   nodules  36.3 -4.4 17.5 61 

12-KM-464B     36.3 -5.1 17.0 61 

12-KM-465   nodules  37.1 -4.2 17.2 62 

12-KM-465B     37.1 -4.2 17.6 60 

12-KM-467   nodules  37.7 -4.6 16.8 63 

12-KM-467B     37.7 -5.0 17.0 53 

12-KM-468   nodules  38.3 0.1 24.9 19 

12-KM-468B     38.3 -0.1 25.5 10 

12-KM-468C     38.3 -2.9 19.0 53 

12-KM-468D     38.3 0.2 24.9 23 

12-KM-468E     38.3 -2.6 19.1 64 

12-KM-468F     38.3 0.1 24.5 21 

12-KM-469   nodules  38.7 -3.4 18.8 65 

12-KM-469B     38.7 -2.9 18.6 64 

12-KM-470   nodules  39.3 -4.0 17.4 55 

12-KM-470B     39.3 -3.9 18.1 54 

12-KM-471   nodules  39.7 -3.6 18.0 34 

12-KM-471B     39.7 -4.6 17.2 67 

12-KM-472   nodules  40.2 -3.1 18.1 66 

12-KM-472B     40.2 -4.4 17.4 62 

12-KM-473   nodules  40.7 -4.7 16.6 66 

12-KM-473B     40.7 -4.6 17.0 62 

12-KM-474   nodules  41.4 -5.2 15.9 67 

12-KM-474B     41.4 -5.3 16.4 61 

12-KM-474C     41.4 -5.0 16.8 81 

12-KM-474D     41.4 -5.2 16.3 53 

12-KM-474E     41.4 -4.9 16.4 68 

12-KM-474F     41.4 -5.3 16.0 58 

12-KM-475   nodules  42.4 -5.1 17.4 65 

12-KM-475B     42.4 -5.2 17.3 66 

12-KM-476   nodules  43.0 -4.2 18.1 58 
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12-KM-476B     43.0 -4.1 19.0 52 

12-KM-476C     43.0 -4.0 18.5 53 

12-KM-476D     43.0 -4.3 18.3 61 

12-KM-476E     43.0 -4.3 18.5 60 

12-KM-476F     43.0 -4.1 18.3 50 

12-KM-477   nodules  43.6 -4.1 17.7 54 

12-KM-477B     43.6 -3.4 18.1 49 

12-KM-478   nodules  44.2 -3.7 16.2 56 

12-KM-478B     44.2 -4.2 17.5 55 

12-KM-479   nodules  45.0 -4.5 16.6 50 

12-KM-479B     45.0 -4.0 17.5 60 

12-KM-480   nodules  45.5 -3.8 15.9 63 

12-KM-480B     45.5 -4.1 16.7 59 

12-KM-480C     45.5 -3.6 15.9 67 

12-KM-480D     45.5 -4.0 16.0 61 

12-KM-480E     45.5 -3.6 16.6 57 

12-KM-480F     45.5 -3.9 16.3 67 

12-KM-481   nodules  46.1 -4.8 16.0 63 

12-KM-481B     46.1 -4.9 16.3 72 

12-KM-482   nodules  46.8 -4.6 16.9 61 

12-KM-482B     46.8 -4.7 16.7 63 

12-KM-483   nodules  47.5 -4.4 15.8 64 

12-KM-483B     47.5 -4.6 16.6 79 

12-KM-484   nodules  48.3 -4.6 16.4 70 

12-KM-484B     48.3 -4.3 16.5 73 

12-KM-485   nodules  48.9 -4.4 17.8 66 

12-KM-485B     48.9 -4.0 18.9 54 

12-KM-486   nodules  49.5 -4.3 16.5 62 

12-KM-486B     49.5 -4.3 16.0 62 

12-KM-487   nodules  51.1 -3.8 16.9 54 

12-KM-487B     51.1 -3.9 16.6 60 

12-KM-488   nodules  53.0 -3.8 18.3 45 

12-KM-488B     53.0 -3.8 17.7 55 

12-KM-489   nodules  53.6 -4.2 17.3 44 

12-KM-489B     53.6 -4.2 17.0 52 

12-KM-490     55.0 -4.0 17.5 60 

12-KM-490B     55.0 -3.6 18.9 51 

12-KM-490C     55.0 -4.0 17.9 63 

12-KM-490D     55.0 -3.6 17.6 65 

12-KM-490E     55.0 -3.7 17.5 65 

12-KM-490F     55.0 -3.9 17.4 66 

12-KM-491   nodules  55.6 -4.2 16.8 54 

12-KM-491B     55.6 -3.8 16.3 48 

12-KM-492   nodules end of 
section 2b 

56.9 -4.3 17.6 55 

12-KM-492B 112°50.100 44°40.201  56.9 -3.7 17.3 47 

12-KM-497 112°50.027 44°40.193 gastropode layer  66.2    

12-KM-498 112°49.975 44°40.200 nodules start of 
section 2c 

67.4 -3.6 17.2 56 

12-KM-498B    67.4 -2.6 17.6 65 

12-KM-499   nodules  67.8 -1.9 17.6 60 

12-KM-499B     67.8 -1.5 18.4 49 

12-KM-500   nodules  68.2 -3.9 16.4 58 

12-KM-500B     68.2 -3.8 16.4 60 

12-KM-501   nodules  68.6 -3.4 18.4 46 

12-KM-501B     68.6 -3.5 17.9 55 

12-KM-502   nodules  69.4 -4.4 16.7 51 

12-KM-502B     69.4 -4.2 17.1 55 

12-KM-503   nodules  70.2 -3.4 18.9  

12-KM-503B     70.2 -4.1 16.8 79 

12-KM-503C     70.2 -4.2 16.7 67 
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12-KM-503D     70.2 -4.4 16.8 62 

12-KM-503E     70.2 -4.1 17.0 58 

12-KM-503F     70.2 -4.1 16.9 69 

12-KM-504   nodules  71.0 -4.4 15.3 65 

12-KM-504B     71.0 -4.0 15.9 67 

12-KM-504C     71.0 -4.5 15.9 67 

12-KM-504D     71.0 -4.4 15.6 55 

12-KM-504E     71.0 -4.1 15.4 77 

12-KM-504F     71.0 -4.0 15.8 68 

12-KM-505   nodules  71.8 -3.9 17.8 57 

12-KM-505B     71.8 -4.5 16.3 61 

12-KM-506   nodules  72.8 -5.3 15.6 68 

12-KM-506B     72.8 -5.1 16.1 65 

12-KM-507   nodules end of 
section 2c 

73.8 -5.3 15.1 59 

12-KM-507B 112°49.975 44°40.202  73.8 -5.0 15.8 69 

12-KM-508 112°49.990 44°40.220 volcanic ash  90.2    

12-KM-509 112°49.996 44°40.223 jarosite  92.7    

 

Tab. A6.6. Stable isotope data of the Kishenehn Basin. with GasBench oxygen 

(VSMOW, ‰) and carbon (VPDB, ‰) isotope ratios and calculated CaCO3 contents (%).  

Section/ 

sample name 

coordinates 

lithology comment 

strati-

graphic 

height 

δ
13

C δ
18

O CaCO3 

Longitude 

(W) 

Latitude 

(N) 

[‰. 

VPDB] 

[‰. 

VSMOW] 
[%] 

SECTION 1         

12-KM-254A 113°36.583 48°18.022 siltstone start of 
section 1 

0 -6.3 11.7 6 
12-KM-255A   siltstone 0.2 -6.2 12.3 14 
12-KM-256A   mudstone  0.5 -6.0 15.9 10 

12-KM-257A   nodules  0.7 -6.3 16.6 49 

12-KM-258A   mudstone  1.0 -6.1 15.6 14 

12-KM-259A   mudstone  1.3 -3.3 19.4 2 

12-KM-260A   mudstone  1.6 -2.3 20.0 2 

12-KM-261A 
  

fine-grained 
sandst.  

1.7 -5.8 12.5 12 

12-KM-262A 
  

fine-grained 
sandst.  

2.0 -5.8 15.4 17 

12-KM-263A   mudstone  1.85 -4.9 14.6 6 

12-KM-264A   mudstone  2.3 -4.6 16.8 8 

12-KM-265A   burrow  2.3 -5.4 18.4 4 

12-KM-266A   nodules  2.3 -3.6 16.1 7 

12-KM-267A 
  

fine-grained 

sandst.  
2.5 -6.2 15.7 21 

12-KM-268A   mudstone  2.8 -4.7 16.7 6 

12-KM-269A   nodules  2.8 -5.3 16.8 7 

12-KM-270A 
  

fine-grained 
sandst.  

3.1 -5.2 13.6 21 

12-KM-271A 
 

 
fine-grained 
sandst.  

3.4 -5.0 16.6 14 

12-KM-272A   siltstone  3.85 -5.0 15.4 8 

12-KM-273A   mudstone  3.95 -5.4 16.5 14 

12-KM-274A   burrow  3.95 -5.3 17.9 11 

12-KM-274B   burrow  3.95 -4.8 18.5 2 

12-KM-275A   mudstone  4.3 -5.4 10.6 10 

12-KM-276A   mudstone  4.7 -6.2 15.1 8 

12-KM-277A   mudstone  5.1 -5.8 16.9 12 

12-KM-278A   mudstone  5.55 -6.2 15.9 19 

12-KM-279A   mudstone  6.05 -4.9 17.3 11 

12-KM-280A   mudstone  6.35 -6.1 17.5 85 
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12-KM-281A   mudstone  6.65 -4.0 18.3 34 

12-KM-282A   siltstone  6.85 -2.5 20.2 34 

12-KM-283A   mudstone  7.15 -5.6 14.9 6 

12-KM-284A   burrow  7.15 -5.0 17.8 12 

12-KM-285A   mudstone  7.45 -6.1 14.6 14 

12-KM-286A   siltstone  7.75 -5.1 15.1 11 

12-KM-287A   mudstone  8.1 -4.9 12.9 10 

12-KM-288A   mudstone  8.4 -4.4 17.1 5 

12-KM-289A   siltstone  8.7 -5.2 12.7 7 

12-KM-290A   nodules  8.7 -6.2 17.2 65 

12-KM-291A   mudstone  9.0 -6.0 15.9 11 

12-KM-292A   mudstone  9.4 -5.3 18.2 70 

12-KM-293A   nodules  9.4 -5.6 18.5 70 

12-KM-294A   nodules  9.4 -6.1 17.5 59 

12-KM-295A   nodules  9.4 -5.9 17.8 68 

12-KM-296A   mudstone  9.7 -2.2 20.9 14 

12-KM-297A   mudstone  10.0 -1.5 21.9 10 

12-KM-298A   mudstone  10.3 -3.9 16.4 10 

12-KM-299A 
  

fine-grained 
sandst.  

10.55 -5.3 11.0 17 

12-KM-300A   siltstone  10.85 -5.2 16.2 20 

12-KM-301A   mudstone  11.2 -4.2 18.1 5 

12-KM-302A   mudstone  11.6 -4.7 17.6 6 

12-KM-303A   mudstone  11.95 -1.3 20.9 2 

12-KM-304A   mudstone  12.25 -2.5 18.6 1 

12-KM-305A   sandstone  12.4 -5.6 9.8 11 

12-KM-306A   mudstone  12.75 -5.3 17.3 11 

12-KM-307A   sandstone  12.9 -4.9 13.9 7 

12-KM-308B   mudstone  13.2 -2.2 20.4 15 

12-KM-309A   siltstone  13.5 -4.3 18.2 24 

12-KM-310A   mudstone  13.85 -2.1 20.8 22 

12-KM-311A   mudstone  14.25 -2.9 20.6 11 

12-KM-312A   sandstone  14.6 -2.7 17.6 11 

12-KM-313A 
 

 
fine-grained 
sandst.  

14.95 -4.2 16.8 22 

12-KM-314A 
  

fine-grained 

sandst.  
15.3 -3.0 18.0 12 

12-KM-315A   siltstone  15.65 -2.7 18.3 11 

12-KM-316A   mudstone  16 -3.9 18.1 13 

12-KM-317A   nodule Fe noduel? 16 -1.5 22.0 4 

12-KM-318A   nodule  16 -3.3 16.4 11 

12-KM-319A   mudstone end of 

section 1 

16.35 -4.5 17.7 23 

12-KM-320A   siltstone 16.7 -5.1 14.4 13 

SECTION 2         

12-KM-321A 113°40.369 48°22.303 papershale start of 
section 2 

0 4.9 20.2 16 

12-KM-322A   papershale 3.5 3.9 21.1 18 

12-KM-323A   papershale  6.5 6.9 22.0 35 

12-KM-324A   papershale  9.7 4.5 17.7 42 

12-KM-325A   papershale  10.7 4.9 17.2 38 

12-KM-326A   papershale  11.7 5.9 21.6 25 

12-KM-327A   papershale  12.7 2.8 22.0 15 

12-KM-328   papershale  13.7 0.3 22.9 29 

12-KM-329   mudstone  15.5 10.6 22.9 21 

12-KM-330   papershale  16.6 6.9 22.3 30 

12-KM-331   mudstone  17.6 5.1 19.5 31 

12-KM-332   mudstone  18.6 1.0 14.1 14 

12-KM-333   mudstone  19.6 5.2 20.2 29 

12-KM-334   mudstone  20.6 4.9 21.4 29 

12-KM-335   papershale  21.6 3.1 20.6 26 

12-KM-336   mudstone  22.8 6.6 21.4 22 
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12-KM-337   mudstone  23.9 12.8 23.4 35 

12-KM-338   mudstone  25 4.1 21.1 25 

12-KM-339   mudstone  26 4.8 21.6 25 

12-KM-340   papershale  27 5.1 21.6 28 

12-KM-341   mudstone  28.3 3.9 20.4 9 

12-KM-342   mudstone  29.3 8.3 22.2 28 

12-KM-343   mudstone  30.3 6.1 22.6 25 

12-KM-344   mudstone  31.3 4.4 22.8 35 

12-KM-345   papershale  32.3 3.5 22.1 33 

12-KM-346   mudstone  33.3 6.0 18.8 23 

12-KM-347   mudstone  34.3 4.3 20.5 30 

12-KM-348   mudstone  35.3 4.2 19.8 25 

12-KM-349   papershale  36.3 9.6 21.2 33 

12-KM-350   mudstone  37.3 5.2 22.1 38 

12-KM-351   mudstone  38.4 8.3 21.9 31 

12-KM-352   papershale  39.4 5.3 20.9 33 

12-KM-353   papershale  40.4 7.6 20.7 25 

12-KM-354   papershale  41.7 7.3 21.4 26 

12-KM-355   mudstone  42.7 12.5 22.9 83 

12-KM-356   papershale  43.8 3.4 22.2 27 

12-KM-357   mudstone  44.8 6.0 21.5 26 

12-KM-358   papershale  45.8 7.7 22.9 30 

12-KM-359   papershale  46.8 8.2 19.1 29 

12-KM-360   papershale  47.6 3.2 22.5 16 

12-KM-361   papershale  48.6 5.6 23.8 33 

12-KM-362   papershale  49.6 9.6 22.4 24 

12-KM-363   mudstone  50.8 7.0 20.7 44 

12-KM-364   papershale  51.8 1.5 23.0 19 

12-KM-365   papershale  52.8 4.8 22.9 48 

12-KM-365B   papershale  52.8 3.9 21.8 29 

12-KM-366   papershale end of 
section 2 

53.8 9.6 20.9 30 

12-KM-367 113°40.343 48°22.382 mudstone 54.8 7.5 22.1 35 

 

Tab. A6.7. Stable isotopic data of the Wenatchee Formation (Chumstick Basin, WA) 

with GasBench oxygen (δ18O, VSMOW, ‰) and carbon (δ13C, VPDB, ‰) isotope ratios 

and calculated CaCO3 contents (in %). sst = sandstone, cc = calcite, n/a = not available. 

Sample 

name 

coordinates lithology 

comment 

strati-

graphic 

height 

δ
13

C δ
18

O CaCO3 

Longitude 

(W) 

Latitude 

(N) 
 

[‰. 

VPDB] 

[‰. 

VSMOW] 
[%] 

12-KM-046 120°17.521 47°28.268 cc-cemented sst  0 -6.7 15.7 8 

12-KM-047   coarse-grained sst  0.1 -6.9 15.5 20 

12-KM-048   medium-grained sst  8 -7.1 15.6 15 

12-KM-049   medium-grained sst  10 -7.4 16.0 11 

12-KM-050   medium-grained sst  12 -7.5 15.3 16 

12-KM-051   coarse-grained sst  27 -6.7 13.4 21 

12-KM-052   sst concretion  28.1 -6.8 14.6 19 

12-KM-053   medium-grained sst  31 -7.7 13.6 19 

12-KM-054   sst concretion n/a 31.3    

12-KM-055   concretion  31.8 -4.2 13.9 2 
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Tab. A6.8. Stable isotope data of the Swauk Formation (Swauk Basin, WA) with 

GasBench oxygen (δ18O, VSMOW, ‰) and carbon (δ13C, VPDB, ‰) isotope ratios and 

calculated CaCO3 contents (in %). conc. = concretion, sst = sandstone, cg = coarse 

grained, mg = medium grained, fg = fine grained, n/a = not available, dz = detrital zircon. 

Section/ 

sample name 

coordinates 

lithology comment 

strati-

graphic 

height 

δ
13

C δ
18

O CaCO3 

Longitude 

(W) 

Latitude 

(N) 

[‰. 

VPDB] 

[‰. 

VSMOW] 
[%] 

1.stop 120°39.510 47°23.139       

12-KM-134   fg sst concretion top of the 
composite 
section 

 -8.9 12.8 23 

12-KM-135   floatstone conc.  -10.7 12.8 23 

12-KM-136   sst concretion 136, 137, 
138 from 
same 
horizon 

-7.3 12.9 21 

12-KM-137   concretion  -8.1 12.7 23 

12-KM-138   concretion  -4.5 14.2 26 

2.stop 120°39.567 47°23.080       

12-KM-139   40cm concretion   -10.7 14.5 24 

12-KM-140A   concretion   4.7 16.1 25 

12-KM-140B    n/a     

12-KM-141   small concretion   -0.2 14.6 24 
12-KM-142   25 cm concretion   3.0 15.0 24 
12-KM-143   mg to cg sst n/a     

12-KM-144   concretion   7.3 15.9 26 
12-KM-145   concretion  

145, 146, 
147 from 
same sst 

-7.3 13.6 29 

12-KM-146   concretion  -3.2 14.4 28 

12-KM-147 
 

 
40 cm concretion, 
irregular growth  

10.0 17.3 29 

12-KM-148A   concretion   1.2 14.1 30 

12-KM-148B 

 
 

fault mat excluded 
from data 
summary 

 
-6.1 14.1 96 

12-KM-149A   mg-sst concretion   -7.5 14.4 5 

12-KM-149B      -7.7 15.3 6 

12-KM-150 

 
 

mg to cg sst 

concretion  
 

-8.3 14.2 6 

12-KM-151   concretion   2.5 15.0 22 

12-KM-152   dz sample      

12-KM-153A   cg sst   -8.4 13.5 5 

12-KM-153B 120°39.534 47°23.104 cg sst   -8.8 13.1 5 

4.stop 120°39.318 47°23.091       
12-KM-154   concretion inner part  6.7 13.0 23 

5.stop 120°39.298 47°22.982       
12-KM-155A   cg-sst concretion   -8.8 15.4 23 

12-KM-155B      -10.7 12.3 14 

12-KM-156 120°39.298 47°22.982 concretion   1.3 16.7 27 

6.stop 120°39.297 47°22.849       

12-KM-157 
 

 
concretion at the 
base of sst  

 -7.8 11.9 14 

12-KM-158 
 

 
concretion within 
cg sst  

 -14.2 13.0 13 

12-KM-159   40 cm concretion   -6.4 15.4 22 

7.stop 120°39.123 47°22.730       

12-KM-160   fine-grained sst 

concretion 
 

 
-5.9 13.3 18 

12-KM-161   piece of conc. upper part  -6.6 13.1 20 
12-KM-162   piece of conc. middel 

part 
 

-6.4 12.4 23 

12-KM-163   piece of conc. lower part 
n/a 

 
   

12-KM-164 120°39.094 47°22.734 3-4cm concretion n/a     
12-KM-165A   floatstone n/a     
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concretion  
12-KM-166A   floatstone 

concretion  
n/a 

 
   

8.stop 120°39.047 47°22.712       

12-KM-167A   concretion outer part  -1.1 11.8 30 
12-KM-167B      0.0 12.2 35 

12-KM-168A   concretion outer part  -6.9 12.5 12 
12-KM-168B    excluded 

from data 
summary 

 
-12.8 18.1 89 

12-KM-169   concretion   -3.7 12.4 17 

12-KM-170   concretion   -3.5 11.8 22 

12-KM-171   concretion   -2.9 12.8 26 

12-KM-172A   concretion   -4.3 13.1 27 

12-KM-172B      -4.2 13.1 31 

12-KM-172V   vein material excluded 
from data 
summary 

 
-9.9 11.8 85 

12-KM-173   concretion   -9.2 11.8 7 

12-KM-174   concretion   -9.4 11.4 3 

12-KM-175 
 

 
medium-grained 
sst horizon  

 
-10.5 10.8 8 

12-KM-176 
 

 
medium-grained 
sst horizon  

 
-8.4 11.7 5 

9.stop 120°38.960 47°22.548       

12-KM-177   cg sst concretion   -7.3 11.5 13 

12-KM-178 
 

 
mg to cg sst 
concretion  

 
-8.8 12.7 19 

12-KM-179 

 
 

mg to cg sst 

concretion  
 

-5.4 13.0 33 

12-KM-180A 
 

 
mg to cg sst 
concretion  

 
-2.4 13.4 29 

12-KM-180B      -10.1 13.8 2 

12-KM-181   cg sst   -10.4 10.3 4 

12-KM-182 
 

 
cg sst 
concretion(?) n/a 

 
   

12-KM-183   cg sst    -9.4 11.7 7 

11.stop 120°39.196 47°22.396       

12-KM-184   concretion   -9.6 12.5 24 

12-KM-185   concretion top of the 
composite 

section 

 -9.6 12.3 23 
12-KM-186   concretion  -9.6 12.7 29 

12-KM-187   concretion  -9.8 12.6 28 

 

Tab. A6.9. Isotopic data of the Roslyn Formation (Swauk Basin, WA) with GasBench 

oxygen (δ18O, VSMOW, ‰) and carbon (δ13C, VPDB, ‰) isotope ratios and calculated 

CaCO3 contents (in %). sst = sandstone, conc. = concretion, cg = coarse grained, mg = 

medium grained, fg = fine grained, n/a = not available, dz = detrital zircon. 

Section/ 

sample name 

coordinates 

lithology comment 

strati-

graphic 

height 

δ
13C δ

18O CaCO3 

Longitude 

(W) 

Latitude 

(N) 

[‰. 

VPDB] 

[‰. 

VSMOW] 
[%] 

RED BRIDGE         

section A 120°46.911 47°12.097       

12-KM-188   coarse-grained sst  1 -10.4 11.7 26 

12-KM-189   coarse-grained sst  1.3 -15.4 8.0 26 
12-KM-190   cg sst concretion  1.7 -10.1 11.7 29 
12-KM-191   cg sst ~horizon  2 -10.3 12.1 25 
12-KM-192   cg sst concretion  2.5 -10.0 11.9 19 

12-KM-193   cg sst concretion  2.6 -10.7 12.2 31 
12-KM-194   cg sst concretion  2.9 -10.7 11.8 31 
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12-KM-195 
 

 
cg sst concretion 
layer  

3.3 -14.4 16.7 20 

section B 120°46.903 47°12.096       

12-KM-196   cg sst concretion I think we 
only 
samples 
one 

bedding 
plane with 
conc. of 
different 

sizes 

3.4 -10.9 12.1 27 

12-KM-197 
 

 
small cg sst 
concretion 

3.4 -10.6 12.0 34 

12-KM-198 
 

 
small cg sst 

concretion 
3.6 n/a n/a  

12-KM-199 
 

 
small cg sst 
concretion 

3.6 -10.6 11.8 36 

12-KM-200 
 

 
concretion from 

conc. layer 
3.6 -10.4 11.9 28 

12-KM-201 
 

 
large sst 
concretion  

3.7 -10.2 12.0 21 

12-KM-202   small concretion  3.8 -10.7 11.9 43 

12-KM-203   small concretion  3.8 -15.4 16.9 35 
section C 120°46.902 47°12.089       

12-KM-204   30cm concretion  4.0 -8.9 13.5 25 

12-KM-205 

 

 

small conc., very 
massive and dense 
compared to 
previous samples  

4.2 -13.9 8.6 20 

12-KM-206   large concretion  4.4 -13.9 15.8 16 

12-KM-207   elongated conc.  4.4 -15.3 16.6 20 
section D 120°46.900 47°12.089       

12-KM-208   small concretion  4.6 -11.0 12.6 17 

12-KM-209   small concretion  4.75 -10.5 12.1 20 
section E 120°46.908 47°12.090       

12-KM-210   cg sst concretion  5.7 -14.5 7.7 32 

12-KM-211   cg sst concretion  5.7 -14.8 8.0 26 
section F 120°46.906 47°12.086       

12-KM-212 
 

 
huge (50x40 cm) 
concretions  

7.2 -16.3 16.5 25 

12-KM-213   concretion  7.6 -10.9 12.3 13 
12-KM-214   concretion   7.9 -12.8 16.2 17 
section G 120°46.920 47°12.084       

12-KM-215   concretion outer part 8.7 -11.0 12.6 17 
12-KM-216   small concretion  9 --15.2 16.2 26 
12-KM-217   concretion  9 -15.9 16.1 21 
12-KM-219A   concretion  9.7 -15.9 16.7 23 

12-KM-219B     9.7 -15.5 16.7 18 
12-KM-219C     9.7 -16.2 17.0 22 
12-KM-218   concretion  10 -11.3 12.2 33 
12-KM-220   small concretion  10.3 -14.9 16.6 17 

12-KM-221   concretion  11.3 -10.8 12.1 18 
12-KM-222   concretion  11.8 -16.5 16.8 22 
12-KM-223   dense concretion  12.3 -15.4 16.6 21 
12-KM-224   concretion  12.3 -15.8 16.4 19 
12-KM-225   concretion  12.6 -11.1 12.0 19 

12-KM-226   small concretion  12.8 -15.1 16.1 25 
12-KM-227   concrete layer  14 -10.3 12.2 19 

WESTERN FORK OF 

TEANAWAY RIVER 
  

 
    

12-KM-229 120°55.954 47°15.726 mg sst concretion  0.4 -10.7 10.8 20 

12-KM-230 
 

 
small sst 

concretion  
0.3 -16.7 7.8 8 

12-KM-231 
 

 
small sst 
concretion  

0.3 -11.0 10.7 20 

12-KM-232 
 

 
small sst 
concretion n/a 

0.3    

12-KM-233 
 

 
small sst 
concretion  

0.2 -10.4 10.8 16 

12-KM-234 
 

 
small sst 
concretion  

0.2 -10.3 10.9 20 

12-KM-235   small sst  0.2 -10.5 10.8 25 
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concretion 
12-KM-236   sst conctretion  0.3 -17.4 7.6 5 
12-KM-237 120°55.968 47°15.735 cg sst concretion  1 -19.0 6.9 4 

12-KM-238 120°55.973 47°15.737 fg sst to siltst clast   1.5 -0.6 13.5 12 
12-KM-239 120°55.971 47°15.735 dz sample      

MIDDLE FORK OF 
TEANAWAY RIVER 

  
 

    

section A 120°55.563 47°16.969       

12-KM-240   huge concretion lower part 1 -20.8 9.8 16 

12-KM-241 
 

 huge concretion 
middle 
part 

1 -11.3 14.4 28 

12-KM-242   huge concretion upper part 1 -19.1 10.4 18 

12-KM-243 
 

 huge concretion 
uppermost 
part 

1 -19.5 10.0 16 

12-KM-244   concretion  1 -15.9 11.3 19 
12-KM-245   small concretion n/a 1    
12-KM-246   small concretion  2.3 -10.4 13.4 30 
section B 120°54.561 47°16.475       

12-KM-247   concretion  6 -14.4 10.0 16 
section C 120°54.254 47°16.241       

12-KM-248   cg sst concretion  8 -19.6 9.1 13 
12-KM-249   cg sst concretion  8 -18.3 9.2 15 
12-KM-250   cg sst concretion  8 -19.9 9.0 22 
12-KM-251   concretion n/a 9    
12-KM-252   concretion  8 -19.9 9.4 18 

12-KM-253   concretion  8 -20.8 9.1 22 

ROSLYN FM NEAR 
RONALD 

  
 

    

12-KM-004 120°59.325 47°13.572 
middle to coarse 
grained sst  

1 -9.1 6.8 15 

12-KM-005 
 

 
middle to coarse 

grained sst  
1 -6.2 8.5 18 

12-KM-006   concretion  1 -9.8 7.1 21 

12-KM-007 
 

 
floatstone 
concretion  

1 -1.5 10.8 28 

 

Tab. A6.10. Stable isotope data of the Chuckanut Basin (WA) with GasBench oxygen 

(δ18O, VSMOW, ‰) and carbon (δ13C, VPDB, ‰) isotope ratios and calculated CaCO3 

contents (in %). sst = sandstone, cg = coarse grained, mg = medium grained, fg = fine 

grained, n/a = not available. 

Section/ 

sample name 

coordinates 

lithology comment 

strati-

graphic 

height 

δ
13C δ

18O CaCO3 

Longitude 

(W) 

Latitude 

(N) 

[‰. 

VPDB] 

[‰. 

VSMOW] 
[%] 

LAKE WHATCOM        

12-KM-064 
122°18.875 48°41.685 

mg to cg 
calcareous sst,   

1    

12-KM-065 
  

grey, fine-grained 
sst  

1 8.3 15.9 29 

12-KM-066   concretion  1 0.8 18.3 23 
12-KM-067A 

122°18.896 48°41.675 
mg to cg 
concretion 

outer part: 
dark fg 
calcareous 

12 5.7 14.3 87 

12-KM-067B 

  

mg to cg 

concretion 

inner part: 

cg arcosic 
sst 

12 2.9 15.5 3 

CANYON CREEK        

12-KM-069 121°58.353 48°54.946 dz sample n/a     
12-KM-070 

  
fg sst to siltstone,  abundant 

plant 

debris 

4.0 2.9 11.8 14 

12-KM-071   mst conc.  4.0 0.2 12.5 13 
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12-KM-072   mst. conc.  4.0 0.9 12.6 19 
12-KM-073 

121°58.354 48°54.942 
grey, calcareous 
fg sst n/a 

5.2    

12-KM-074   siltstone  6.1 1.8 12.9 9 
12-KM-075   siltstone  6.1 0.9 12.1 4 
12-KM-076   siltstone  6.1 0.3 12.0 8 
12-KM-077 121°58.326 48°54.918 mg sst  21.3 -3.2 12.1 3 

12-KM-078A   calcareous mst  21.3 3.2 13.5 35 
12-KM-078V 

  
vein material excluded 

from data 
summary 

21.3 6.0 11.4 99 

12-KM-079   mg-fg sst. conc.   27.4 -3.0 11.7 4 

12-KM-080   mg sst n/a 27.7    
12-KM-083   fg sst n/a 37.5    
12-KM-084   mst concretion  37.5 2.8 11.2 11 
12-KM-085C   siltstone  37.5 1.9 10.9 7 

12-KM-086   siltstone  47.2 -4.2 11.5 2 
12-KM-087   fg concretion  48.8 0.3 11.6 13 
12-KM-088 121°58.293 48°54.880 fine-grained sst  51.8 -3.5 11.2 9 
12-KM-089 

  

concretion, with 

abundant plant 
debris 

 

61.6 -4.3 11.9 16 

12-KM-090   concretion n/a 61.6    
12-KM-091 121°58.291 48°54.861 mg-cg sst  70.1 -3.7 11.5 5 

12-KM-092   mg-cg sst  71.6 -10.1 12.9 3 
12-KM-093   dz sample  71.6    

SLIDE MOUNTAIN        

1.stop 122°02.062 48°53.077       

12-KM-094 
  

siltstone  base of 
the 

section 

   

12-KM-095 
  

siltstone 
concretion 

lower part  -0.5 12.6 23 

12-KM-096   same conc. as 095 upper part  -0.7 11.7 15 

12-KM-097 
  

same conc. as 095  middle 
part 

 0.3 11.3 19 

12-KM-098 122°02.075 48°53.075 dz sample      
12-KM-099 

  
siltstone 

concretion 

  -1.2 11.4 19 

12-KM-100   concretion   -0.9 12.8 27 
12-KM-101   concretion   -1.0 11.7 21 
12-KM-102   concretion lower part  -0.3 11.8 29 

12-KM-103 
  

same as 102 middle 
part 

 -0.7 12.3 11 

12-KM-104   same as 102 upper part  -0.8 11.6 27 
2.stop 122°02.470 48°53.735       

12-KM-107   siltsone   4.2 14.1 2 
12-KM-108   siltsone   3.3 13.7 3 
12-KM-109   siltsone   -3.1 12.3 17 
12-KM-110   siltsone   -0.7 12.9 8 

12-KM-111   siltsone   0.0 13.1 3 
12-KM-112   mudsone   0.6 12.8 12 
12-KM-113   concretion   1.7 13.5 27 
12-KM-114   siltsone   0.3 12.3 10 

12-KM-115 
  

floatstone  
concretion  

 
1.9 13.5 4 

3.stop 122°02.641 48°53.968       

12-KM-116   

conctrete, 

laminated 
siltstone  

 

-3.8 12.4 21 

4.stop 122°02.764 48°53.910       

12-KM-117   fg sst   -0.9 12.3 11 
12-KM-118   fg sst concretion   0.2 12.4 17 
12-KM-119 

  
fg sst to siltstone, 
concretion  

 
1.4 12.9 3 

12-KM-120   concretion   2.3 15.1 30 



 

 

321 Appendix to Chapter 6 

12-KM-121   concretion   1.4 11.9 15 

BELLINGHAM BAY SECTION       

2.stop 121°55.222 48°51.435       

12-KM-122   sst concretion  122. 123. 
124 from 

same sst 

-6.9 17.5 24 
12-KM-123   concretion  -7.2 17.3 33 

12-KM-124   concretion  -6.9 17.6 20 
12-KM-125   concretion     -6.7 17.3 33 
4.stop 121°54.920 48°51.452       

12-KM-126   

concretion with 

small sparite 
minerals n/a 

    

5.stop 121°54.952 48°51.499       

12-KM-127   concretion   -8.4 17.7 81 
12-KM-128A   concretion   -8.6 17.9 73 
12-KM-128V   vein material   -9.9 17.5 93 
12-KM-129   concretion   -9.0 17.7 67 

12-KM-130   concretion   -12.0 17.7 60 
12-KM-131   concretion   -13.2 17.7 60 
12-KM-132 121°54.974 48°51.441 dz sample      

12-KM-133S   

floatstone 

concretion with 
sparitic calcite  

 -4.2 15.5 99 

 



 

 

 


