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Abstract: Volcanic glass has been used extensively as a paleoaltimeter. Deuterium (2H) concentrations
in glass have been found to be stable over geologic timescales, making δ2H (also known as δD)
a reliable proxy for ancient water chemistry. However, continued work revolves around better
understanding how different factors affect preserved water in volcanic ash. Here, we analyze δD
in the Rattlesnake Tuff (RST), a widespread ca. 7 Ma ash-flow tuff, and create a paleoisoscape to
assess variations in δD across Oregon during that time. To this end, 16 ash samples were collected
across central and eastern Oregon from various flow units within the RST. Samples were analyzed for
δD using a temperature conversion elemental analyzer (TC/EA) connected to a mass spectrometer
and elemental composition using a scanning electron microscope (SEM). We compared the isotopic
results to modern water and published ancient water proxy data to better constrain changes in
climate and topography across Oregon throughout the Neogene. We also estimated wt. % H2O
by calculating excess (non-stoichiometric) oxygen from SEM elemental data. We did not observe
significant variations in δD among the flow units from single locations, nor was there a significant
relationship between the prepared glass shard composition and wt. % H2O or δD, supporting the
use of volcanic glass as a reliable paleoenvironmental indicator. Our results show significant spatial
variation in δDwater values of RST, ranging from −107‰ to −154‰. δD values of ancient glass were
similar to modern water near the Cascade Mountains but became relatively negative to the east near
the inferred eruptive center of the RST, suggesting that a significant topographic feature existed in
the vicinity of the RST eruptive center that has since subsided.

Keywords: volcanic glass; paleotopography; stable isotopes

1. Introduction

The stable isotopic composition of environmental water is highly reliant on topogra-
phy, climate, and geographic location. Therefore, reconstructing ancient water isotopes
from the rock record is one way to constrain how a landscape has changed over time.
Hydrogen isotopes preserved in vitreous volcanic glass have been established as a useful
proxy for understanding paleoprecipitation and paleoenvironments ([1–5]). The utility of
volcanic glass as a paleoenvironmental proxy is two-fold. First, volcanic glass is known
to quickly (within 10 ka of deposition) incorporate environmental water and preserve its
H isotope composition over geologically significant timescales [4,6–8]. Second, minerals
within volcanic glass are easily dated radiometrically, giving interpretations a reliable
temporal context.

Since the beginning of the Cenozoic, the Pacific Northwest has evolved topograph-
ically, undoubtedly responsible for changes in regional climate [9–11]. Previous work
has aimed to better understand these changes using δD from volcanic glass and other
paleoenvironmental proxies, though there are varied interpretations about their timing and
spatial extent [4,11–14].
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This paper focuses on the topographic evolution of the area to the east of the Cascades,
which has previously not been studied in detail. We constrain how stable hydrogen isotopic
compositions derived from the Rattlesnake Tuff (RST) vary regionally to better understand
the controls on this paleoclimate proxy as well as constrain the paleoclimate of central
Oregon during the Miocene.

The RST exists today as a widespread, mostly flat-lying ash-flow tuff. There is little
variation in unit thickness, with beds thickening slightly toward the inferred eruptive
center [15]. There are no known outcrops of the RST immediately around the eruptive
center (Figure 1) because it is overlain by younger basalt deposits [16]. Today’s flat-lying,
horizontally continuous RST outcrops suggest that the landscape in areas currently covered
with RST were flat-lying ca. 7 Ma [17]. Despite appearing on ridgetops and valley floors,
thickness variations in RST outcrops are quite small (tens of meters) [15]. The low aspect
ratio (average thickness/distance) of ~10−4 (cf. Figure 2 from [18]) of the RST indicates
a high-energy ash-flow depositional environment. The flat-lying nature of RST outcrops
suggests that any topographic features associated with High Lava Plains’ volcanism in
or near Harney Basin were localized. During the late Miocene, the Harney Basin and
surrounding areas were volcanically active, with many silicic domes and ash-flow tuffs
erupting from the region during that time [17,19,20].
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Figure 1. Map showing the spatial extent of the Rattlesnake Tuff in blue. Samples analyzed for this
work are shown with yellow dots. Adapted from Streck and Grunder [15]. Samples RST08, RST11,
and RST18 were collected in 2018. Sample CVG038 was published in Bershaw et al. [4].

We sampled the Rattlesnake Tuff, a spatially extensive Miocene rhyolitic ash-flow tuff
([15]; Figure 1), and collected two datasets: (1) δD values for 17 samples (16 from this study
and 1 from Bershaw et al. [4], described in Table S1), producing a “paleoisoscape” (e.g., [21])
that was compared to spatial patterns in modern water δD, and (2) SEM major and minor
element data to better understand compositional and textural controls on variations in δD
among tuff samples. With this information, we answer the following questions: How do
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δD values from the Rattlesnake Tuff compare to δD values derived from modern water?
How and why do isotopes in the widespread Rattlesnake Tuff vary spatially across eastern
Oregon? How can differences between modern and ancient isotope records be explained
through changes in climate and topography? Are any of the observed variations in δD able
to be explained through changes in glass texture or composition?

2. Materials and Methods
2.1. Sample Collection

Samples were collected from various outcrops located in central and eastern Oregon
during August 2022 (Figure 1). Sites were selected if their descriptions indicated non-
welded to moderately welded tuffs. Tuff samples were non-welded to partially welded,
with abundant glass and low degrees of secondary low-temperature mineralization and
oxidation on the surface of glassy shards. All samples contained abundant glassy shards.
Samples were collected from the non-welded basal portion of the outcrop. In 2 localities,
the incipiently welded ash fall layer was sampled. These are indicated in Table S1. Out-
crop locations were selected based on mapping from Streck and Grunder [15] and were
chosen based on descriptions describing the presence of non-welded to moderately welded
portions of the RST. Another characteristic feature of the RST that helped in identifying
outcrops is the presence of compositionally distinct pumice clusters [22]. Due to the im-
portance of selecting samples of the same age, selected outcrops were carefully adhered to.
Approximately 1 kg of sample was collected from 10 to 30 cm into the outcrop surface to
reduce the influence of weathering and oxidation. This improved the chance that samples
contained pristine glass, and that there was enough material to be properly processed.

2.2. Sample Preparation

For mass spectrometer analysis, the sample preparation methods employed are out-
lined by Cassel and Breecker [8], and we used hydrofluoric acid (HF) treatment to effectively
remove surface contaminants [23]. Samples were crushed with a ceramic mortar and pestle.
The crushed samples were wet-sieved using nylon screens with 150 and 70 µm filters.
The filtered 70–150 µm fraction of glass shards was washed two to three times in 10%
hydrochloric acid (HCl) for 30 s to remove carbonates. Samples were then washed one to
two times in 8% HF for 30 s. This removed contaminants still bonded to the surface as well
as the outermost layer of potentially altered glass. Magnetic minerals were removed with
a hand magnet. Samples were further sorted through gravity separation using the heavy
liquid lithium metatungstate (LMT) diluted to 2.7 g/cm3 to match the desired density of
“pure” glass shards.

A small block (1 × 3 cm) was cut and impregnated with epoxy. After at least 24 h of
curing, the sample was polished to a microprobe-quality finish (0.3 µm grit) for SEM-energy
dispersive X-ray spectroscopy (EDS) elemental analysis. Samples were examined in a Zeiss
Sigma-VP FEG-SEM at 11 nA. X-ray elemental analysis was performed with an Oxford
Aztec 6.0 system with an UltimMax 65 EDS detector. These instruments were manufactured
by Oxford Instruments, plc, Abingdon, UK.

2.3. TC/EA Sample Analysis

A total of 16 samples were analyzed using the TC/EA high-temperature conversion
elemental analyzer (TC/EA) isotope ratio mass spectrometer at the University of Texas
Austin’s Light Stable Isotope Laboratory. Each sample and standard were weighed into
three ~6 mg silver foil capsules for analysis. All samples and standards were run in
triplicate to ensure measurements were unaffected by previous analyses. The results
are reported as δDglass and were converted to δDwater using the following equation from
Friedman et al. (1993) [7].

δDwater = ((1000 + δDglass)/0.967) − 1000 (1)



Atmosphere 2024, 15, 561 4 of 14

This conversion allows for a direct comparison between ancient δD values derived from
glass analyses and δD values obtained from modern water samples.

Isotope Data and Interpolation

Isoscapes were generated using interpolation tools in ArcGIS Pro. ArcGIS Pro is
produced by Environmental Systems Research Institute, Inc., Redlands, CA, USA. The
modern isoscape (Figure 2) was created by Bowen [24] based on the methodology from
Bowen and Revenaugh (2003). The data that informed this model are from the Global
Network of Isotopes in Precipitation [25] and Welker [26]. For the RST isoscape, the Natural
Neighbors interpolation tool was used. This dataset was challenging to represent well with
interpolation due to its distribution (not normal) and a small number of control points. The
Natural Neighbors tool was selected because it works well for small datasets.
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Bowen, G.J. [24]. The interpolation methodology is from Bowen and Revenaugh [27]. Data are from
GNIP [25] and Welker [26]. The dashed area encompasses the Blue Mountains and Newberry Crater.

2.4. SEM Sample Analysis

We analyzed compositional variations in a glass sample (MT-23) with a distinct oxi-
dation rim and unoxidized interior to determine whether weathering processes affect the
wt. % water of glass. The sample was chosen because it had visible, pristine, vitric shards
in its interior with a pronounced weathering rind. These features made it easy to compare
oxidized and unoxidized glass. Volcanic glass can undergo a variety of weathering and
alteration processes such as devitrification, leaching, and secondary mineralization, all of
which have the potential to overprint paleoclimate signatures. Because of this, a rigorous
methodology for selecting “pristine” glass shards was used [8]. While past studies have
suggested that this procedure is effective for isolating unaltered glass [4,8,23], scanning
electron microscope imaging was used to verify observations from the petrographic mi-
croscope. In this study, we used the SEM to gather both chemical and textural data of
glasses that exhibit secondary mineralization on their surface and those that do not so as
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to independently determine their suitability for analysis. These analyses were performed
before sample preparation for isotopic analysis.

2.5. Effect of Oxidation and Surface Mineralization on Water Content in Untreated Tuff

We utilized a backscattered electron detector (BSD) and energy-dispersive X-ray (EDX)
spectrometer manufactured by Oxford Instruments plc, Abingdon, UK, to collect average
Z and chemical data. Using the BSD detector, we imaged both oxidized and unoxidized
sections of the sample and compared them, looking specifically for shards that have distinct
internal variations in BSD grayscale brightness (Figure 3). Sections were predetermined
to be oxidized or unoxidized based on visible discoloration of the sample. Once these
were found, we used the EDX detector to gather chemical data in areas with notable
BSD contrast (Figure 3). We chose to analyze only moderately weathered glass, as more
weathered samples are not suitable for isotope analysis.
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2.6. SEM Data Analysis
Effect of Oxidation and Surface Mineralization on Water Content in Untreated Tuff

We obtained 69 individual measurements across 6 different sites in the oxidized and
unoxidized sections of the sample (Table S2). Data were accepted if their non-normalized
totals of major element compositions were between 90% and 105%. The results were
normalized to 100% total and exported as tables, with totals calculated both with the
“All Elements” and “O by Stoichiometry” settings in Aztec (Supplementary Materials).
With these data, we employed methods from Kotov et al. [28]. They show that SEM energy-
dispersive spectrometry (EDX) can be effectively employed to assess the water content
of high silica glasses [28]. This method is effective in glasses with at least 0.5 wt. % H2O.
Excess oxygen was calculated using Equation (2):

CH2O = 1.126
(

CO − ∑ Ci
Vi AO
2Ai

)
(2)
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where CO and AO are the concentration and atomic weight of oxygen, and Ci, Ai, and Vi
are the concentration, atomic weight, and valence of element i [28]. The result, if positive,
reflects that some oxygen is bonded to hydrogen, which is undetectable with EDX. We
assume that this excess oxygen is representative of water in the sample. The means were
compared using a two-mean t-test to assess for similarities in the populations (Figure 4).
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datasets. Two-mean t-test provides p-values of 0.3452 suggesting there is no significant difference
between the mean excess O values.

3. Results
3.1. SEM Results

The oxidized tuff has a mean excess O of −3.88 and a mean grayscale of 89.22, while
the unoxidized tuff has a mean excess O of −2.62 and a mean grayscale of 83.74. This
suggests that the water content is approximately equal despite qualitative compositional
differences. The two-mean t-test shows that there is no significant difference in excess O
between the oxidized and unoxidized datasets (Figure 4).

3.2. TC/EA Results

δD values are highly varied, with δDglass values ranging from −182‰ to −137‰. The
water content of the glasses ranges from 2.7 to 5.1 wt. % H2O. Carlson [23] reports an
average wt. % H2O of 2.95 for the Rattlesnake Tuff across two samples, within the range of
new data presented here. We present one δD value (CVG038) from Carlson [23] and omit
CVG039 because we analyzed a sample from the same outcrop and present its δD value.

Samples MT-28d and MT-28dm, as well as samples MT-28b and MT-28bm, have nearly
identical δD values despite being nonmagnetic and magnetic, respectively (Table 1). This is
expected as they are from the same sample. Thus, the presence of magnetic elements in the
glass (Fe, Mg) does not appear to impact isotopic composition. The isoscape (Figure 5) was
generated to show how δD values are distributed spatially. The modern δD record shows
deuterium depletion (decreasing) toward the northeast, with relatively positive δD values
in the southwest. In the ancient record, the lowest δD values are concentrated in the center
of the study area, notably close to the inferred eruptive center of the Rattlesnake Tuff from
Streck and Grunder [22].
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Table 1. Isotopic results for RST samples presented in this study. Sample CVG038 is from
Bershaw et al. [4]. Samples beginning with “RST” were collected by others in 2018 but prepared
and analyzed as part of this research. Sample MT-14b (starred) is interpreted to be an older non-
welded tuff known as the Devine Canyon Tuff (9.7 Ma). The 1σ analytical uncertainty for δD is ±1‰.
* Sample MT-14b was later determined to be part of the differently-aged Dinner Creek Tuff. It was
not included in spatial isotope analysis.

Sample δDglass δDWater Wt. % H2O Depositional Environment Hydration Water Latitude Longitude

MT-13c −169 −140 5.1 Ash Fall Precipitation, Fluvial 42.9839 −118.8731

MT-14b * −166 −138 2.9 Ash Flow Precipitation, Fluvial 43.0258 −118.63633

MT-19 −140 −111 3.4 Ash Flow Precipitation, Fluvial 42.8404 −119.66862

MT-20 −151 −122 2.9 Ash Flow Precipitation, Fluvial 42.8596 −119.74695

MT-21 −137 −107 3.1 Ash Flow Precipitation, Fluvial 42.7868 −120.2242

MT-23 −149 −120 2.9 Ash Flow Precipitation, Fluvial 43.9135 −120.30725

MT-24b −175 −147 3 Ash Flow Precipitation, Fluvial 43.7829 −119.45026

MT-25 −147 −118 2.8 Ash Flow Precipitation, Fluvial 43.7525 −119.00905

MT-28a −178 −150 3.2 Ash Fall Precipitation, Fluvial 43.6593 −118.99916

MT-28b −182 −154 2.8 Ash Flow Precipitation, Fluvial 43.6593 −118.99916

MT-28bm −182 −154 2.7 Ash Flow Precipitation, Fluvial 43.6593 −118.99916

MT-28d −181 −153 2.7 Ash Flow Precipitation, Fluvial 43.6593 −118.99916

MT-28dm −181 −153 2.7 Ash Flow Precipitation, Fluvial 43.6593 −118.99916

RST2018_08 −173 −145 2.9 Ash Flow Precipitation, Fluvial 43.7096 −119.6356

RST2018_11 −156 −128 2.7 Ash Flow Precipitation, Fluvial 43.0922 −119.93541

RST2018_18 −158 −129 3.9 Ash Flow Precipitation, Fluvial 44.4082 −118.98748

M2-CVG038 −146 −117 2.9 Ash flow Precipitation, Fluvial 44.5212 −119.63343
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There are significantly different patterns between modern and ancient δD values when
comparing longitudinal trends (Figure 6). Eastward, deuterium depletion in 7 Ma volcanic
glass occurs at nearly four times the rate in the modern system. The results also show no
significant relationship between ancient δD and modern elevation (R2 = 0.09), while we do
observe a weak relationship between modern δD and modern elevation (R2 = 0.34), typical
of rain shadows elsewhere (Figure 2) [29].
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4. Discussion
4.1. Effects of Oxidation and Surface Mineralization on the Passivating Layer

Though brightness variations in backscattered images suggested the possibility of
chemical variation within different glass regions, our data do not support this hypothesis.
In particular, our data support the finding that excess O, and by extension water, is ap-
proximately equally abundant in both tuff populations. A t-test statistic of 0.3452 confirms
that there is no significant difference between the excess O in the oxidized and unoxidized
sections of the sample. Therefore, we conclude that while compositional differences exist
between oxidized and unoxidized tuff, it is not a result of differences in water content. This
finding confirms that glass that is suitable by optical standards is also suitable for isotopic
analysis, regardless of potential compositional differences.

4.2. Effect of Magmatic Water on Volcanic Glass δD

Magmatic δD values are typically much less depleted in deuterium relative to those
measured (roughly −40‰–−80‰) [30,31]. Therefore, δD values measured closer to the
inferred eruptive center would likely show higher (less negative) δD values, as glasses
in thicker cooling units have the potential to be rehydrated by degassed magmatic water
sourced from deeper in the unit [30]. In addition, we analyzed glass shards at the size
fraction (70–150 µm), which have been shown to hydrate completely based on diffusion
modeling [8]. Our results suggest that magmatic water does not influence our δD values as
they are relatively depleted around the inferred eruptive center of the RST (Figure 5).
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Highly explosive eruptions such as the RST have been shown to retain between 0.2 and
0.6 wt. % magmatic water, suggesting that well-hydrated glasses such as those in this study
are dominated by meteoric water [30,32]. Additionally, a significant relationship between
δD and wt. % H2O is commonly viewed as a metric for magmatic water influence. In our
results, there is no statistically significant relationship between these variables (R2 = 0.007),
indicating that magmatic water does not influence the measured δD values.

4.3. Paleoenvironmental Interpretations

The lack of a meaningful correlation (R2 = 0.09) between modern elevation and δD
values measured from ancient (7 Ma) glass strengthens the assumption that well-prepared
volcanic glass produces δD values that reflect ancient meteoric water and that topography
and/or climate was different in the late Miocene relative to today. Furthermore, spatial
trends in the modern isoscape have very different magnitudes from those in the ancient
isoscape ~7 Ma (Figure 5).

The framework used in this paper for interpreting spatial patterns in stable isotopes
is based on models of meteoric water isotope evolution from previous workers [33,34].
The continental, amount, and altitude effects describe the tendency for stable isotopes in
meteoric water to fluctuate in response to changes in environmental conditions (distance
from the ocean, amount of precipitation, and elevation). While modern and ancient water
δD values both decrease to the east, the magnitude of depletion in ancient samples is much
higher. Over the same distance from west–east (approximately 200 km), δD decreases nearly
four times more in the ancient system as compared to the modern system (Figures 6 and 7).
The marked decrease in δD is centered around a relatively small area, which is inconsistent
with changes in regional climate due to the continental or amount effects, as these factors
would affect the isotopic composition of ancient meteoric water over much larger areas [34].
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Figure 7. Simplified cross-section of an isolated topographic feature that may explain the observed
depletion in δD of ~7Ma hydrated volcanic ash. A large magma chamber would have supported
a large volcanic edifice or dome. Following the rapid evacuation of the magma chamber, the volcanic
edifice would have collapsed (structurally or due to changes in isostasy). Regional subsidence from
the cooling of the lithosphere may have resulted in the lowering of remaining RST outcrops to
elevations seen today.
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The difference in the modern and 7 Ma isoscape is not likely due to changes in Cascade
elevation given that east of the range at approximately −120◦ longitude, modern and
ancient δD values are nearly identical (Figure 6). We interpret this to suggest that the
Cascades and other topographic features to the west (the Oregon Coast Range) were likely
significant topographic features in the late Miocene (~Ma).

In modern central Oregon, the altitude effect accounts for a significant portion of the
localized variation in δD (R2 = 0.34). Areas such as the Blue Mountains in northeastern
Oregon and other isolated peaks feature localized depletions in δD associated with increases
in elevation (Figure 2). δD values derived from the RST present a similar local pattern
of more negative δD centered north–northeast of the Harney Basin, which is its inferred
eruptive center [17] (Figure 5). Accordingly, the pattern seen in Figure 5 is consistent with
δD depletion due to an isolated topographic high, such as a volcanic dome.

4.3.1. Lapse Rates and Elevation Estimates

Given that the lowest δD values in the paleoisoscape are concentrated around the
eruptive center inferred by [22], we propose that the region that is now located near Burns,
OR, west–northwest of the Harney Basin, contained a significant topographic feature
~7 Ma. This interpretation is consistent with the trends observed in modern meteoric
water (Figure 2), where the Blue Mountains in NE Oregon and peaks around Newberry
Crater in central Oregon cause localized decreases in meteoric water δD. The difference
in elevation between Bend, Oregon and the summit of Newberry Crater is approximately
900 m (Figure 2). The associated change in δD is ~−11‰ (−110‰ in Bend and −121‰ at
Newberry Crater) [35] or −12.2‰/km. An isotopic lapse rate for the Ochoco Mountains to
the northwest of the study area has been established for δD of −16.8‰/km of elevation
gain [36] based on a weighted average of high- and low-elevation precipitation stations on
the windward side of the range. This isotopic lapse rate is steeper than that observed on the
western side of the Cascades, which is −20.6‰/km [37]. We estimated the paleoelevation
of a volcanic dome that sourced the RST in the modern Harney Basin based on modern
lapse rates (−20.6‰/km and −12.2‰/km) and observed a decrease in volcanic glass δD
of −35‰ ~7 Ma.

To calculate paleoelevation, we first corrected our data for the continental effect by
calculating a linear fit through the modern δD data (Figure 6). This equation represents the
rate of change in δD associated with changes in longitude in modern central and eastern
Oregon. By fitting this line and subtracting it from our RST δD values, we determined the
change in δD associated only with changes in elevation. Next, we calculated the magnitude
of the change in δD associated with paleotopography by subtracting the average RST δD
value at −120◦ longitude from the average RST δD value at −118.5◦ longitude. The result
including the error shown in Figure 6 is between −14.6257‰ and −42.6257‰ over the
observed range in longitude. We applied the previously discussed lapse rates to these
changes to estimate paleoelevation with relief between 700 m and 3.5 km.

Atmospheric pCO2 has been shown to impact isotopic lapse rates [38]. Atmospheric
pCO2 ca. 7 Ma was higher than today due to higher global temperatures, which may
have resulted in lower isotopic lapse rates generally. This suggests that our paleoelevation
estimate is conservative.

Previous work by Galewsky [39] aimed to describe the effects of atmospheric stratifi-
cation, relief, wind speed, and horizontal aspect ratio (β) of topography on isotope ratios
in precipitation. Particularly high topography can cause air parcels to stagnate, reverse
direction, or flow around the feature, complicating the use of the altitude effect alone to
interpret paleoelevation proxies [39]. Such phenomena have been shown to significantly
alter the isotopic lapse rate. The topographic feature we propose is comparable to modern
eruptive centers with large, broad topographic features (β = 1). The island of Hawaii,
which may have a similar aspect ratio to the proposed RST feature, has a smaller isotopic
lapse rate than would be predicted by traditional Rayleigh distillation models [39]. This
phenomenon is explained by the flow of air parcels around the topographic feature, with
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less air flowing over the top of the feature. Tachera et al. [40] report isotopic lapse rates for
Hawaii similar to those we present in this paper (−13.6‰/km for low–mid elevations and
−24‰/km for higher elevations). That said, the extent to which stratified atmospheric
flow over and around topography with a circular footprint affects orographic precipitation
isotopic ratios is unknown [39].

Overall, our results point toward a prominent, isolated topographic feature with relief
of 700 m–3.5 km near the inferred eruptive center of the RST. This large range accounts
for varying lapse rates in modern eastern Oregon and captures the uncertainty related
to the effects of differing atmospheric conditions resulting from global climate change,
atmospheric flow dynamics around isolated topography, and longitudinally binned means.

4.3.2. RST Stratigraphy and Paleotopography

It seems plausible that significant topographic features could have existed in eastern
Oregon during the late Miocene. Kukla et al. [41] describe similar isotopic patterns in
the Blue Mountains, suggesting that changes in elevation and precipitation seasonality
throughout central Oregon have contributed to isotopic trends throughout the Cenozoic.

There are also features in outcrops around the inferred eruptive center that support
this interpretation. First, RST outcrops are thickest ~30–40 km from the inferred eruptive
center, and thin both toward and away from these thickest areas [15]. Thinning toward
the eruptive center is consistent with the deposition on the flanks of a topographic feature.
This can be explained by topography (Figure 7).

In addition to topography, samples with the lowest δD may have been located in the
lee of the RST topographic feature. If this were the case, the lowest RST δD values would
represent a combination of elevation and rainout of heavier isotopes over the highest parts
of the topographic feature. Our estimations of paleotopography are based on RST δD
values in the mid-latitude portion of the study area. While this region showed the steepest
and most extreme lapse rates, areas north and south of the eruptive center also showed
steeper and more extreme changes in δD compared to modern values. Higher lapse rates
north and south of the eruptive center suggest that topography associated with the RST
eruptive center may have been quite broad (Figure 7). Uplift caused by regional heating
from the large magma chamber could have caused uplift of this spatial scale.

Prior to the eruption of the RST (~8 Ma), regional volcanic activity had produced
voluminous flood basalts in areas to the north and south of the RST eruptive center [16].

Notably, outcrops of these basalts within the area of the RST eruptive center have not
been reported in the published literature. The presence of significant topography associated
with the RST eruptive center could explain the absence of 7.1–8 Ma basalt outcrops in this
area. Overlying the RST eruptive center today are younger ferro-trachytic basalts aging
5.4–2.2 Ma [16], which are compositionally distinct from basalts from the 8 Ma and are
thought to have been emplaced during a period of thermal subsidence. A gap in flood basalt
emplacement between 8 and 5.4 Ma in the geographic region of the RST eruptive center
suggests topography could have existed for at least 2.6 million years. Spatial variations
in the thickness of these basalt flows are not well documented in the published literature,
making it difficult to interpret changes in flow thickness in response to deposition on or
around topographic features. This is likely due to limited exposures of these units, which
are found in canyons and along fault scarps [42].

The High Lava Plains province is an area characterized by abundant basalts, andesites,
rhyolites, and other intermediate lavas [16,42–44]. In the period immediately prior to the
eruption of the RST (8–7.1 Ma), significant volumes of flood basalts were erupted and
emplaced in areas north and south of the RST eruptive center. These eruptions, which
culminated with the emplacement of the RST at 7.1 Ma, were accompanied by significant
regional warming. The magmatic warming of the crust may have resulted in regional uplift
near the RST eruptive center, causing flood basalt emplacement to occur at the margins of
higher topography.
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The basaltic magmas from this pre-RST episode erupted through dikes associated
with the Brothers Fault Zone (BFZ) [43,44]. This represents a regional transition from
extensional accommodation by Basin and Range normal faulting to extensional shearing in
the BFZ [44]. Regional subsidence is likely to have lessened with this transition and could
have contributed to the uplift of significant topography.

Overall, the spatial distribution of pre- and post-RST flood basalt outcrops supports the
existence of high topography in the geographic region around the RST eruptive center for
at least 2.6 million years. This topography would have been the result of regional warming
for ~900 thousand years prior to the RST eruption and a transition from extensional Basin
and Range normal faulting to BFZ shearing.

4.3.3. Modern Analogs

There have been few eruptions like the RST in recent times. However, the Novarupta-
Katmai eruption in Alaska in 1912 has many similarities to the RST. The eruption took place
over ~60 h and expelled 13–14 km3 of magma from a zoned chamber [45]. It is a part of the
volcanically active Valley of Ten-Thousand Smokes (VTTS) region, which features many
volcanic edifices of varying heights, ranging from 65 m (the product of the Novarupta
eruption) to 2330 m [45]. The VTTS is similar to the HLP in that it lies in a back-arc
setting. This shows that volcanically active regions that produce large, voluminous rhyolitic
eruptions do create significant topographic features, as the RST likely did in central Oregon
~7 Ma ago.

The Chaitén Volcano in Chile is an additional modern analog for caldera-producing
rhyolitic eruptions. The last major eruption of Chaitén was ~10,000 years ago, which
resulted in a caldera collapse and subsequent effusive construction of a large lava dome
~400 m high [46]. The dome is estimated to be ~5600 years old and is part of a feature with
a total relief of ~850 m. Notably, both of these topography-forming volcanic centers are
orders of magnitude smaller than the RST in terms of total erupted volume. We propose
the RST feature to be broader and higher, with topography likely a function of regional
heating by mantle processes active in the region ca. 7 Ma (e.g., [42,43]). The high, broad
dome feature we propose fits the relative magnitude of the RST eruption.

5. Conclusions

We presented new stable isotopic and compositional data for 16 glass samples collected
from the Rattlesnake Tuff in central Oregon. With these data, we showed that δD values
derived from the ~7 Ma RST exhibited anomalously low δD values clustered near their
inferred eruptive center. We also showed that there were no significant variations in
δD within outcrops. We showed that compositional variation among glass shards was
not associated with differences in wt. % H2O or δD. We also showed that there was
no statistically significant relationship between wt. % H2O and δD, suggesting that the
magmatic signal had a negligible effect on hydrated glass δD values. Overall, we conclude
that relatively low δD values centered near the inferred RST eruptive center may be
explained by an isolated topographic feature within the present-day Harney Basin, likely
related to the eruption of the RST. Using three different modern δD lapse rates, we estimated
the paleoelevation of the ~7 Ma RST volcanic feature to have been 700 m–3.5 km above the
surrounding region to account for the observed decrease in ancient water δD.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos15050561/s1, Table S1: RST Sample Locations and Notes;
Table S2: SEM EDX data.

https://www.mdpi.com/article/10.3390/atmos15050561/s1
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