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Abstract

:

Columbia River province magmatism is now known to include abundant and widespread rhyolite centers even though the view that the earliest rhyolites erupted from the McDermitt Caldera and other nearby volcanic fields along the Oregon–Nevada state border has persisted. Our study covers little-studied or unknown rhyolite occurrences in eastern Oregon that show a much wider distribution of older centers. With our new data on distribution of rhyolite centers and ages along with literature data, we consider rhyolites spanning from 17.5 to 14.5 Ma of eastern Oregon, northern Nevada, and western Idaho to be a direct response to flood basalts of the Columbia River Basalt Group (CRBG) and collectively categorize them as Columbia River Rhyolites. The age distribution patterns of Columbia River Rhyolites have implications for the arrival, location, and dispersion of flood basalt magmas in the crust. We consider the period from 17.5 to 16.4 Ma to be the waxing phase of rhyolite activity and the period from 15.3 to 14.5 Ma to be the waning phase. The largest number of centers was active between 16.3–15.4 Ma. The existence of crustal CRBG magma reservoirs beneath rhyolites seems inevitable, and hence, rhyolites suggest the following. The locations of centers of the waxing phase imply the arrival of CRBG magmas across the distribution area of rhyolites and are thought to correspond to the thermal pulses of arriving Picture Gorge Basalt and Picture-Gorge-Basalt-like magmas of the Imnaha Basalt in the north and to those of Steens Basalt magmas in the south. The earlier main rhyolite activity phase corresponds with Grande Ronde Basalt and evolved Picture Gorge Basalt and Steens Basalt. The later main phase rhyolite activity slightly postdated these basalts but is contemporaneous with icelanditic magmas that evolved from flood basalts. Similarly, centers of the waning phase span the area distribution of earlier phases and are similarly contemporaneous with icelanditic magmas and with other local basalts. These data have a number of implications for long-held notions about flood basalt migration through time and the age-progressive Snake River Plain Yellowstone rhyolite trend. There is no age progression in rhyolite activity from south-to-north, and this places doubt on the postulated south-to-north progression in basalt activity, at least for main-phase CRBG lavas. Furthermore, we suggest that age-progressive rhyolite activity of the Snake River Plain–Yellowstone trend starts at ~12 Ma with activity at the Bruneau Jarbidge center, and early centers along the Oregon–Nevada border, such as McDermitt, belong to the early to main phase rhyolites identified here.
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1. Introduction


Lavas of the Columbia River Basalt Group (CRBG) of the Pacific Northwest of the United States (Figure 1) are of one of the most extensively studied flood basalts on our planet, and they serve as an archetypal example of vast outpourings of mafic lavas associated with the arrival of mantle plumes (e.g., [1,2]). There is no other flood basalt province with the level of knowledge on stratigraphy, eruption sites, and petrogenesis that we have for the CRBG, which has been established by many workers over several decades (e.g., [3,4,5,6,7,8,9,10,11]; and other papers in GSA spec pap 497, 2013). The traditional view of the CRBG was that flood basalts are not associated with abundant contemporaneous rhyolites, and the first rhyolites of note were those closely tied to the plume head-to-tail transition at the McDermitt volcanic field (Figure 1) (e.g., [5]). This interpretation since evolved for several reasons, an example of which being that more age determinations have reduced the temporal offset of CRBG lavas [3,12], thus bringing them closer in age to the mid-Miocene rhyolites of the province that were known for decades e.g., [13,14]. It is now clear that basaltic lavas of the CRBG are associated with contemporaneous rhyolites that erupted across the province from ~17.0 to ~14.5 Ma [7,8,9,15,16,17,18,19].



As consequence of this development, the Columbia River Basalt province has become recognized as a strongly bimodal (basalt–rhyolite) large igneous province (LIP) (Figure 1) ([7]), similar to what appears to be the typical case for continental flood basalt provinces elsewhere [20,21]. However, while a wealth of data has been published for rhyolites along the southern margin of the Oregon/Nevada/Idaho border [15,17,22,23,24,25,26], rhyolites farther north in Oregon lacked particularly important age and stratigraphic data, and the existence of some was virtually unknown. Therefore, current relationships of the mafic to silicic component of the Columbia River LIP are based on an incomplete and possibly biased data set. Furthermore, rhyolites offer important additional aspects on the dynamics of the Columbia River Basalt province and on continental LIPs. Dating rhyolites provides valuable information because age determinations of the basalts can be problematic and because precision can be insufficient for resolving timing issues (cf. [3,12,27]). Gathering data on rhyolite exposures, eruptive centers, and their storage sites is critical because fissure eruption sites of basalts may be displaced far from where basalt magmas were initially stored in crustal magmatic reservoirs or delivered from the mantle due to efficient lateral transport in dikes and sills (e.g., [28,29]). Hence, rhyolites can serve as critical stratigraphic markers, yielding high-precision ages, and rhyolites are clear indicators of where thermal pulses originating from the mantle are delivered to the crust via injection of basalt irrespective of the details of rhyolite petrogenesis (e.g., [30]). Consequently, rhyolites offer an alternative and complementary perspective on the temporal evolution of the arrival, dispersion, and storage of flood basalt magmas. In turn, this has implications for the causes of flood basalt magmatism and on whether these magmas are indeed generated due to the arrival of a mantle plume or rather mark other tectonic events (e.g., [31,32,33,34]).



We have investigated the timing, distribution, and composition of all rhyolites of the Lake Owyhee volcanic field (LOVF) and rhyolites farther north and west (Figure 1). Here, we present our current results and, in doing so, focus on rhyolites that fall into the time window of main stage CRBG activity. We recently reported on ages of late-to-mid-Miocene rhyolites within our study area in eastern Oregon that focused on the relationships of rhyolites associated with flood basalt magmatism and on rhyolites that are younger and are part of the High Lava Plain trend [34]; the main aspects of the compositional data of the rhyolites will be addressed elsewhere. We combine our data with data from the literature to discuss a province-wide view of rhyolite volcanism of the Columbia River magmatic province. Rhyolites of this study have not received the same attention as rhyolites along the Oregon-Nevada border (Figure 1 and Figure 2), and much of what is known about the timing of these units goes back to data compiled 40 years ago [13]. Adding to the importance of these rhyolites is that the rhyolites of the LOVF (Figure 1) [7,18] are nearly co-spatial with the presumed topographic uplift associated with the thermal anomaly of the Columbia River Basalt province [35]—as well as with the convergence zone of CRBG dikes, aeromagnetic anomalies, and other large-scale features (Figure 2D) [36]—which led to speculation of crustal reservoirs of CRBG magmas in this area [11].



Historical Perspective on Rhyolites of the Columbia River Province


The classical view of relating mid-Miocene rhyolites of the tri-state area of Oregon, Nevada, and Idaho to the massive outpouring of the flood basalts of the Columbia River Basalt involves a mantle plume impinging along the Oregon–Idaho border, initially causing flood basalt eruptions and generating rhyolites of the McDermitt volcanic field shortly thereafter (Figure 2C) (e.g., [38]). Rhyolite generation at the McDermitt volcanic field was tied to the beginning of the tail stage of the mantle plume that moved progressively northeastward from 16.5 Ma onward to create the Snake River Plain age-progressive rhyolite trend, culminating at present-day Yellowstone National Park (Figure 2A). This view later incorporated the northwest migrating silicic volcanism of the High Lava Plains as some complication to the Snake River Plain trend (Figure 2A) [39,40]. Since the mantle plume hypothesis was formulated to explain Columbia River Basalt and Snake River Plain rhyolites, skeptics of this hypothesis have pointed to the spatial offset between eruption sites of Columbia River Basalt (CRB) lavas and the initiation of the rhyolite trend (Figure 1) (e.g., [41]), as well as the aforementioned complications, to explain the two mirrored trends of regional silicic volcanism. Instead, researchers have argued for a tectonic cause for flood basalts and rhyolites (e.g., [42]). Furthermore, there are also compositional aspects of the CRBG that question a deep mantle origin.



Incorporation of the Steens Basalt as part of the same event as CRB flood basalts in the early 2000s (Figure 1) (e.g., [8,16]) and establishment what is now known as the Columbia River Basalt Group (CRBG) significantly extended the area from which basalts related to the supposed plume head stage erupted. This reduced the spatial discrepancy between eruption sites of earlier flood basalts to subsequent tail related rhyolites. Although silicic centers from farther north with similar ages to McDermitt have been known since 1975 [13,14,40,43,44], it was not until the early 2000s that attention was paid to mid-Miocene rhyolite occurrences outside of the McDermitt area. The works of [8,16,18], were instrumental in shining a spotlight on 15 Ma rhyolites from areas in Oregon that are north of McDermitt, particularly around the LOVF. Newer mapping [15,17,22,23,27,45,46] extended the area of rhyolites with ages similar to the 16.5 Ma McDermitt rhyolites to a broader region spanning from NW Nevada to McDermitt to the tri-state border of Oregon, Nevada, and Idaho. Given the extended footprint of basaltic eruptions and cogenetic, mid-Miocene rhyolites, the question of where the possible mantle plume impinged has become a moving target. For some, the general view of hotspot inception around McDermitt has prevailed (e.g., [47,48]), while other researchers are beginning to recognize the importance of the northward-trending swath of mid-Miocene rhyolites in Oregon [9,17,35,49]. This discussion is also fueled by other data that point to a more northern impingement of the plume head (or mantle upwelling in general), such as paleodrainage patterns suggesting a mid-Miocene topographic high and aeromagnetic maps showing lineaments converging farther north (Figure 2D) (e.g., [35,36] and references therein). The convergence of aeromagnetic lineaments and the orientations of dikes led Wolff et al. [11] to suggest that all CRBG magmas were stored in a common area in the crust coinciding with this convergence zone before traveling in dikes to their respective eventual eruption sites. Despite these data, older ages of rhyolites around the McDermitt caldera are viewed as a key argument in favor of a plume impingement location near McDermitt rather than farther north around the town of Vale (Figure 1) [37].



Most recently, however, the plume hypothesis to explain CRBG lavas has been questioned again, and the CRBG has been related to a growing tear in the downgoing slab of the subducted lithosphere [33]. Their study has placed renewed emphasis on the northward age progression of basalt eruption sites from the Steens Basalt dike swarm in the south to the later Chief Joseph dike swarm in the north, which is supposedly mirrored by the trend of silicic volcanism from McDermitt to rhyolites farther north (Figure 1) [37]. Finally, there are now models that have related the CRBG flood basalt province to the older, Eocene coastal flood basalt province of Siletzia within Oregon and Washington [50,51] and other models [52].



From the discussion above, it is clear that the debate on the origin of the CRBG is ongoing and that rhyolites are an important component that may prove critical in understanding the waxing and waning of volcanism of this continental LIP, thereby contributing to a broader understanding of the development of continental bimodal flood basalt provinces. Our study closes an existing data gap. The new data may not resolve the plume-versus-non-plume models for the CRBG, but they certainly help generate a more accurate understanding of the silicic component of the province that is currently incomplete and somewhat skewed.





2. Methods


Over the last 12 years, fieldwork by numerous Portland State University graduate students was conducted to collect samples in order to map stratigraphic sections or to map whole rhyolite occurrences where no previous map existed. Samples were collected from representative outcrops across the study area. Major and trace element geochemical data, phenocryst data, and lithological characteristics were used to distinguish units. Samples of silicic units within the study region that were known to be undated or imprecisely dated were selected for dating.



Major and trace element compositions of samples were determined using X-ray fluorescence spectroscopy (XRF) and inductively coupled plasma mass spectrometry (ICP-MS) at the Geoanalytical Lab at Washington State University (WSU). Sample preparation followed standard procedures of the lab [8,53].



Samples with fresh feldspar phenocrysts were the primary targets for 40Ar/39Ar dating. Thin sections were prepared by Spectrum Petrographics in Vancouver, Washington. Thin sections from one or two samples of each eruptive center were petrographically analyzed to determine which had suitable feldspars and to identify the best candidates for 40Ar/39Ar analysis. A series of mineral separation techniques were implemented to isolate clean feldspar phenocrysts from each sample, including but not limited to magnetic separation, HF acid leaching, and heavy liquid separation. Groundmass fractions were similarly cleaned, separated, and analyzed if feldspar phenocrysts were too altered or too sparse for analysis. Single-crystal total fusion was the preferred method for dating feldspar phenocrysts, and incremental heating was preferred for groundmass. Supplementary Materials contain information regarding procedures and analytical methods for 40Ar/39Ar analysis, and it also notes the institution at which each sample was analyzed.




3. Results


3.1. Mid Miocene Rhyolite Centers in Eastern Oregon


Below, we present a synopsis of our work on numerous mid-Miocene centers of rhyolite volcanism in eastern Oregon (Figure 3). Our acquired data consist of field work revealing distribution and stratigraphic information, bulk rock and mineral compositional data, and select radiometric ages from Ar–Ar geochronology.



3.1.1. Dooley Mountain Rhyolite Field


The Dooley Mountain rhyolite field (location number 1 on Figure 4) is the northernmost mid-Miocene rhyolite center, and it is considered part of the Lake Owyhee volcanic field of [43]. The Lake Owyhee volcanic field (LOVF) is a ~300 km long north–south belt of volcanic vents extending from Dooley Mountain on the north through the Oregon–Idaho graben to the McDermitt volcanic field on the south [7]; however, in recent years, the McDermitt volcanic field has been treated separately (e.g., [17]). First referred to as the Dooley Mountain rhyolite breccia, the rhyolite eruptive center at Dooley Mountain is a strongly eroded series of overlapping domes, lava flows, and likely subvolcanic intrusions that are bordered by marginal debris flow and block-and-ash-flow deposits. The complex also includes several small, locally sourced ash-flow tuffs and fallout tuffs [54]. Rhyolite domes are locally faulted and are extensively altered in some places.



Many units are locally intruded by glassy rhyolite and pyroclastic dikes (Figure 5). Rhyolite lava flows on the north and south flanks of Dooley Mountain overlie unit 2 of the Dinner Creek Tuff (cf. [19]). Erosional remnants of both proximal and distal facies of rhyolitic debris-flow and block-and-ash-flow deposits originating from Dooley Mountain also overlie the Dinner Creek Tuff in the Cenozoic sedimentary section exposed to the northeast of Dooley Mountain.



A number of dikes crosscut older rhyolite units, one of which is a pyroclastic dike (Figure 5). The only previous date came from a dike near the summit of Dooley Mountain, yielding a K/Ar radiometric age of 14.7 ± 0.4 Ma [55]. Combining clear stratigraphic relationships and compositional characteristics, our work [54] yielded four compositional rhyolite packages, R1 through R4, from oldest to youngest, respectively (Figure 5). An R2 rhyolite yielded an age of 40Ar/39Ar age of 15.59 ± 0.04 Ma, and an R3 unit yielded an age of 15.54 ± 0.05 Ma. Two R4 units, the pyroclastic dike and a basal vitrophyric breccia, yielded ages of 15.491 ± 0.031 Ma and 15.44 ± 0.10 Ma, respectively. An additional R4 sample collected north of the main outcrop area yielded an age of 15.587 ± 0.059 Ma. We do not have an age of an R1 unit, as R1 lavas are extremely phenocryst-poor and the one sample that was processed yielded only sparse quartz phenocrysts. However, an R1 unit overlies unit 1 of the Dinner Creek Tuff with an age of 16.15 Ma in the southwest region of the field, providing a maximum age of R1. Based on our new Ar/Ar ages, the main portion of the rhyolite field at Dooley Mountain erupted very quickly over a period of ~200 ka. The main area of the Dooley Mountain rhyolite field is about 230 km2. Evans [55] determined the rhyolite stratigraphy to be ~2400 m thick. However, we propose a more conservative estimate of 500–1000 m thick, yielding volume estimates of 115–230 km3. Rhyolites range from low- to high-silica, and contrary to the findings of Evans [55], tuff units are clearly subordinate to dome and lava flows. Compositionally, Dooley Mountain rhyolites are in large part “calc-alkaline” rhyolite, characterized by low Y and Nb contents, although some variations—particularly in Zr and TiO2—are notable. In select places, basalt lavas crop out below Dooley Mountain rhyolites. These have been mapped as Imnaha Basalt, but compositions of analyzed samples correlate better with the older or younger lavas of the Picture Gorge Basalt of the CRBG [54].




3.1.2. Strawberry Rhyolite Field (2 in Figure 4)


The mid-Miocene Strawberry volcanic field (SVF) is located along the southern margin of the John Day Valley of NE Oregon, and it contains the northwesternmost rhyolites associated with CRBG lavas (Figure 3 and Figure 4). The SVF is comprised of a diverse group of volcanic rocks ranging from basalt to rhyolite. Rhyolites were first mentioned as part of the Strawberry Volcanics in the 1960–70s (e.g., [56]), but neither their distribution, composition, nor ages were studied in detail. No subsequent work existed until our more recent work in the area. Building on our reconnaissance data obtained earlier [57], the main efforts to map rhyolites took place in the context of three USGS Edmap projects from 2019–2021 aided by Portland State University field study students. These maps covered the area of four 7.5 min quadrangles, including Jump off Joe Mountain, Big Canyon, Logan Valley West, and Magpie Table quadrangles [34,58,59].



Our study has revealed a major rhyolite field that is among the largest in Oregon (see Figures 16 and 17 of [60]). A minimum of 11 distinct effusive rhyolite units erupted over a 2-million-year period in addition to one mixed rhyolite–andesite pyroclastic deposit from ~16.2 to 14.4 Ma, and possibly as young as 14 Ma, as the stratigraphically highest rhyolite units are undated [61]. All but one of the nine new 40Ar/39Ar ages range from 15.4–14.4 Ma, with the majority falling into a narrow age range of about 500 ky (Table 1). Robyn [56] dated a sample from the larger rhyolitic section yielding a K/Ar age of 17.3 ± 0.36 Ma. However, this age is likely too old, as we specifically resampled the rhyolite location described by Robyn, and this sample yielded an age of 14.81 ± 0.04 Ma. Rhyolites overlie older rocks belonging to the accreted terranes of northeast Oregon (e.g., [61]). In the stratigraphically higher section, rhyolites are intercalated with basalt to andesite lavas of the SVF. The main andesitic lavas of the SVF overlie the rhyolites [34,57,58,59].



The mapped distribution of rhyolites covers an area of 190 km2, but the estimated original distribution area is likely ~400 km2, and the estimated volume is on the order of 100–200 km3. Rhyolites range from low-silica to high-silica composition and from phenocryst-rich (>20% phenocrysts) to aphyric (Figure 6). All units display glassy to devitrified lithologies. Mineral assemblages are dominated by plagioclase; some units contain quartz, and mafic silicates often are amphibole, biotite, or both. Orthopyroxene occurs in some units in addition to or instead of biotite and amphibole [62]. Our data suggest the following age–volume–composition lithology relationships: Lower-silica, phenocryst-rich units containing complexly zoned plagioclase erupted early, while phenocryst-poorer and silica-rich units were more prevalent later. Units with slight A-type affinities erupted last.




3.1.3. Unity Area Rhyolites (3 in Figure 4)


Between the rhyolite fields of Dooley Mountain and Strawberry, there are small rhyolite exposures north and west of the town of Unity, Oregon (Figure 3 and Figure 4). These rhyolites were also virtually unknown and are not found on any regional-scale geological map of the area. Some of the rhyolites have been noted on a map of an MS thesis project [65] and others are based on our investigations. Most of the rhyolites in this area carry biotite or amphiboles, and they are compositionally similar to Dooley Mountain and Strawberry rhyolites. Together, they comprise not more than an a few km2 of outcrop area. They overlie Oligocene phenocryst-rich dacites and underlie units of Dinner Creek Tuff, and they were emplaced to the west adjacent to mafic to intermediate lavas of SVF. Intriguingly, these small rhyolite exposures yielded our oldest CRBG related rhyolite ages. An Ar/Ar incremental heating age of one biotite–rhyolite tuff yielded an age of 16.53 ± 0.14 Ma. Two different rhyolite lavas yielded single-crystal 40Ar/39Ar ages of 16.695 ± 0.010 Ma and 17.02 ± 0.14 Ma. Compositionally, they are also more calc-alkaline in character, similarly to the two previous fields.




3.1.4. Buchanan Rhyolite Complex (10 in Figure 4) and Nearby Centers to the South (16 in Figure 4)


Previous work on the Buchanan rhyolite complex was limited to regional mapping [66,67] and brief mention of the possibility of multiple eruptive units [44]. As part of our work, Large [54] used stratigraphic relationships, geochemical analysis, and petrographic data to identify eight distinct rhyolite eruptive units (Figure 7). Of these, seven are effusive units consisting of mostly lava flows and possibly one dome. The last rhyolite unit is a local pyroclastic fallout unit composed of primarily lapilli- and ash-sized particles, with rare block-sized clasts. The size of these fragments varies over short distances within the complex, suggesting a local derivation. Lava flows have relatively low aspect ratios, and they include low- to high-silica rhyolites, ranging from aphyric to containing ~10% phenocrysts [54]. The slight differences observed in FeO*, TiO2, Ba, Sr, Zr, Nb, and LREE are used to differentiate eruptive units. The rhyolites of the Buchanan complex are overlain by the commingled Fe-rich dacite–rhyolite tuff of Buchanan (15.171 ± 0.013 Ma), by a capping basalt that was dated at 13.79 ± 0.09 Ma [68], and by the widespread 9.7 Ma Devine Canyon Tuff [39] along the southeastern periphery of the complex. Newly obtained Ar/Ar ages indicate the basal rhyolite unit (R1 of [54]) erupted at 16.13 ± 0.11 Ma [69], then the middle unit (R4) at 15.803 ± 0.014 Ma, followed by the top rhyolite unit (R8) shortly after at 15.62 ± 0.31 Ma (Table 1 and Figure 7). Rare exposures of intercalated or underlying mafic lavas have been correlated with upper Steens Basalt [54]. The overall extent of rhyolite exposures, including areas between rhyolites that are covered by overlying units, is approximately 400 km2. When excluding these unexposed areas to calculate a more equant distribution, the calculated areal estimate of rhyolites in the area is 150 km2, which is still likely a minimum. Using estimated thicknesses of 100–300 m results in a calculated rhyolite volume between 15 km3 and 45 km3 for this complex.
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Table 1. 40Ar/39Ar Age data of this study.
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Dooley Mountain

	
Sample #

	
Location/Unit

	
Material

	
Age [FCT 28.2]

	
2 Sigma

	
Method

	
K/Ca

	
2 Sigma

	
N

	
Lab/Year

	
Reported by






	
Dooley

	
EJ-12-23A

	
R2 unit

	
Sanidine

	
15.59

	
0.04

	
weighted plateau

	
41.7

	

	

	
OSU

	
[69]




	
Dooley

	
DM 240

	
R3 unit

	
Plagioclase

	
15.539

	
0.047

	
single crystal

	
0.11

	
0.02

	
49

	
NMT

	
this study




	
Dooley

	
DM 265A

	
R4 unit

	
Plagioclase

	
15.44

	
0.10

	
single crystal

	
0.13

	
0.01

	
26

	
NMT

	
this study




	
Dooley

	
MS-11-22

	
R4 unit (tuff dike)

	
Plagioclase

	
15.491

	
0.031

	
single crystal

	
0.13

	
0.02

	
36

	
NMT

	
this study




	
Dooley

	
MS-17-14

	
R4 unit, north patch

	
Plagioclase

	
15.587

	
0.059

	
single crystal

	
0.12

	
0.02

	
28

	
NMT

	
this study




	
Unity

	
Sample #

	
Location/unit

	
Material

	
Age [FCT 28.2]

	
2 sigma

	
Method

	
K/Ca

	
2 sigma

	
N

	
Lab

	
Reported by




	
Unity

	
CR-U4b

	
below DIT2 tuff

	
Plagioclase

	
16.53

	
0.14

	
weighted plateau

	
0.15

	

	

	
OSU

	
[69]




	
Unity

	
CR-U3B

	

	
Sanidine

	
16.695

	
0.010

	
single crystal

	
47

	
51

	
5

	
NMT

	
this study




	
Unity

	
MS-12-14UR

	

	
Plagioclase

	
17.02

	
0.14

	
single crystal

	
0.08

	
0.05

	
12

	
NMT

	
this study




	
Strawberry

	
Sample #

	
Location/unit

	
Material

	
Age [FCT 28.2]

	
2 sigma

	
Method

	
K/Ca

	
2 sigma

	
N

	
Lab

	
Reported by




	
Strawberry

	
AS-SV-144

	

	
Plagioclase

	
15.34

	
0.52

	
weighted plateau

	
0.039

	

	

	
OSU

	
[70]




	
Strawberry

	
AS-SV-151

	

	
Groundmass

	
16.16

	
0.17

	
weighted plateau

	

	

	

	
OSU

	
[70]




	
Strawberry

	
AS-SV-151

	

	
Plagioclase

	
16.12

	
0.7

	
weighted plateau

	
0.04

	

	

	
OSU

	
[70]




	
Strawberry

	
AS-SV-173

	

	
Biotite

	
14.70

	
0.13

	
weighted plateau

	

	

	

	
OSU

	
[70]




	
Strawberry

	
AS-SV-179

	

	
Groundmass

	
15.30

	
0.1

	
weighted plateau

	

	

	

	
OSU

	
[70]




	
Strawberry

	
AS-SV-190

	

	
Groundmass

	
14.79

	
0.12

	
weighted plateau

	

	

	

	
OSU

	
[70]




	
Strawberry

	
MS-14-23

	

	
Obsidian

	
14.81

	
0.04

	
weighted plateau

	
8

	

	

	
NMT

	
[70]




	
Strawberry

	
JJ-17-8

	

	
Plagioclase

	
14.463

	
0.037

	
single crystal

	
0.05

	
0.04

	
17

	
NMT

	
this study




	
Strawberry

	
MS-17-05

	

	
Plagioclase

	
15.112

	
0.030

	
single crystal

	
0.11

	
0.05

	
25

	
NMT

	
this study




	
Upper/Lower Littlefield Rhyolite

	
Sample #

	
Location/unit

	
Material

	
Age [FCT 28.2]

	
2 sigma

	
Method

	
K/Ca

	

	
N

	
Lab

	
Reported by




	
upper Littlefield Rhyolite

	
multiple samples

	

	

	
16.05

	

	

	

	

	

	

	
[71]




	
lower Littlefield Rhyolite

	
multiple samples

	

	

	
16.15

	

	

	

	

	

	

	
[71]




	
Buchanan

	
Sample #

	
Location/unit

	
Material

	
Age [FCT 28.2]

	
2 sigma

	
Method

	
K/Ca

	

	
N

	
Lab

	
Reported by




	
Buchanan

	
EJ-12-03

	
R1 unit

	
Sanidine

	
16.13

	
0.11

	
weighted plateau

	
41.7

	

	

	
OSU

	
[69]




	
Buchanan

	
B156

	
R4 unit

	
Sanidine

	
15.803

	
0.014

	
single crystal

	
20.6

	
2.2

	
25

	
NMT

	
this study




	
Buchanan

	
B109

	
R8 unit

	
Plagioclase

	
15.62

	
0.31

	
single crystal

	
0.09

	
0.05

	
15

	
NMT

	
this study




	
tuff of Buchanan

	
MS-13-07

	
tops lava flow complex

	
Anorthoclase

	
15.171

	
0.013

	
single crystal

	
3.9

	
1.5

	
25

	
NMT

	
this study




	
Mahogany-Three Fingers

Succor Creek area

	
Sample #

	
Location/unit

	
Material

	
Age [FCT 28.2]

	
2 sigma

	
Method

	
K/Ca

	

	
N

	
Lab

	
Reported by




	
Mahogany-Three Fingers

	
EJ-12-12

	
Devils Gate

	
Anorthoclase

	
15.94

	
0.16

	
weighted plateau

	
6.6

	

	

	
OSU

	
[69]




	
Mahogany-Three Fingers

	
TF88A

	
Three Fingers (TF)

	
Sanidine

	
15.74

	
0.08

	
weighted plateau

	
41.2

	

	

	
OSU

	
[72]




	
Mahogany-Three Fingers

	
EJ-12-14

	
McIntyre Ridge

	
Sanidine

	
15.78

	
0.03

	
single crystal

	
20

	
12.9

	
11

	
NMT

	
this study




	
Mahogany-Three Fingers

	
MS-11-15SCT

	
Succor Creek Tuff

	
Anorthoclase

	
15.74

	
0.09

	
weighted plateau

	
6.2

	

	

	
OSU

	
[72]




	
Mahogany-Three Fingers

	
CB-18-02

	
base of LGT at Succor Creek

	
feldspar

	
15.98

	
0.05

	
single crystal

	

	

	

	
OSU

	
[73]




	
Mahogany-Three Fingers

	
CB-19-65

	
Devils Gate

	
feldspar

	
16.02

	
0.02

	
single crystal

	

	

	

	
OSU

	
[73]




	
Mahogany-Three Fingers

	
CB-19-44

	

	
feldspar

	
15.95

	
0.03

	
single crystal

	

	

	

	
OSU

	
[73]




	
Mahogany-Three Fingers

	
MS-10-06

	
“outflow” LTG

	
Sanidine

	
15.87

	
0.03

	
single crystal

	
7.3

	
2.5

	
10

	
NMT

	
this study




	
Leslie Gulch area and nearby

	
Sample #

	
Location/unit

	
Material

	
Age [FCT 28.2]

	
2 sigma

	
Method

	
K/Ca

	

	
N

	
Lab

	
Reported by




	
Mahogany-Three Fingers

	
RJ-18-03

	
Mahogany Mountain

	
feldspar

	
15.71

	
0.05

	
single crystal

	

	

	

	
OSU

	
[74]




	
Mahogany-Three Fingers

	
RJ-18-05

	
Mahogany Mountain

	
feldspar

	
15.83

	
0.04

	
single crystal

	

	

	

	
OSU

	
[74]




	
Mahogany-Three Fingers

	
RJ-18-11

	
Mahogany Mountain

	
feldspar

	
15.81

	
0.06

	
single crystal

	

	

	

	
OSU

	
[74]




	
Mahogany-Three Fingers

	
RJ-18-50

	
Mahogany Mountain

	
feldspar

	
15.82

	
0.05

	
single crystal

	

	

	

	
OSU

	
[74]




	
Mahogany-Three Fingers

	
MS-12-39b

	
Tuff of Leslie Gulch

	
Sanidine

	
15.948

	
0.037

	
single crystal

	
9.5

	
3

	
6

	
NMT

	
this study




	
Mahogany-Three Fingers

	
MS-13-27

	
tuff below TF

	
Sanidine

	
15.928

	
0.007

	
single crystal

	
228

	
148

	
14

	
NMT

	
this study




	
Mahogany-Three Fingers

	
MS-17-15

	
Pre-LTG lava

	
Sanidine

	
16.042

	
0.016

	
single crystal

	
9.50

	
2.00

	
29

	
NMT

	
this study




	
Dinner Creek Tuff (DIT)

	
Sample #

	
Location/unit

	
Material

	
Age [FCT 28.2]

	
2 sigma

	
Method

	
K/Ca

	

	
N

	
Lab

	
Reported by




	
Unit 1

	
MS-12-29.1

	
at Brogan

	
An10 plag

	
16.16

	
0.02

	
single crystal

	
0.73

	

	
9

	
NMT

	
[19]




	
Unit 1

	
MS-DIT1

	
type locality

	
An10 plag

	
16.120

	
0.026

	
single crystal

	
0.74

	
0.09

	
36

	
NMT

	
this study




	
Unit 2

	
MS-15-12.3

	
capping Spying Glass CRBG flow

	
An20 plag

	
15.653

	
0.038

	
single crystal

	
0.2

	
0.1

	
35

	
NMT

	
this study




	
Unit 3

	
MS-12-38

	
at Bully Creek

	
Anorthoclase

	
15.458

	
0.021

	
single crystal

	
2.65

	

	

	
NMT

	
[19]




	
Unit 4

	
MS-11-20

	

	
Anorthoclase

	
15.173

	
0.010

	
single crystal

	
14.7

	
74.2

	
11

	
NMT

	
this study




	
Other ages with lower precision are found in [19], but all are displayed in Figure 8.

	

	

	

	

	

	

	

	

	

	




	
Various units

	
Sample #

	
Location/unit

	
Material

	
Age [FCT 28.2]

	
2 sigma

	
Method

	
K/Ca

	

	
N

	
Lab

	
Reported by




	
Birch Creek

	
V19-068

	

	
Plagioclase

	
15.52

	
0.05

	
single crystal

	

	

	
29/30

	
OSU

	
[34]




	
Birch Creek

	
V19-079

	

	
Plagioclase

	
14.94

	
0.2

	
single crystal

	

	

	
29/30

	
OSU

	
[34]




	
McCain Creek

	
RJ-18-57

	

	
feldspar

	
14.41

	
0.04

	
single crystal

	

	

	

	
OSU

	
[74]




	
Lake Owyhee Dam

	
MS-17-DAM

	

	
Plagioclase

	
14.74

	
0.02

	
single crystal

	

	

	
30/30

	
OSU

	
[34]




	
Dry Creek

	
VS19-116

	

	
Plagioclase

	
14.78

	
0.03

	
single crystal

	

	

	
24/30

	
OSU

	
[34]




	
Beulah Reservoir

	
EJ-12-07

	
pre-DIT caldera rhyolite

	
Groundmass

	
16.29

	
0.21

	
weighted plateau

	

	

	

	
OSU

	
[69]




	
Swamp Creek

	
EJ-12-06A

	

	
Obsidian

	
16.14

	
0.12

	
weighted plateau/total fusion

	

	

	
OSU

	
[69]




	
Dome E of South Fork

	
VS19-080

	

	
Groundmass

	
16.81

	
0.05

	
weighted plateau

	

	

	
-

	
OSU

	
[34]




	
Wildcat Creek Tuff

	
MS-14-05

	

	
Anorthoclase

	
15.489

	
0.022

	
single crystal

	
2.3

	
0.8

	
13

	
NMT

	
this study




	
Donnelly Butte

	
EJ-12-02

	

	
Groundmass

	
15.59

	
0.06

	
weighted plateau

	

	

	

	
NMT

	
[34]




	
Wagontire Mountain

	
VS20-125A

	

	
Plagioclase

	
14.79

	
0.05

	
single crystal

	

	

	
25/30

	
OSU

	
[34]









Two calc-alkaline rhyolites, the Swamp Creek rhyolite and Dome E of South Fork, crop out about 20 km and 40 km to the southwest of the Buchanan complex, respectively. The Swamp Creek rhyolite was mapped by Camp et al. [16], and an older K/Ar age of 16.1 ± 0.3 Ma was reported by Fiebelkorn [13]. Our new age for the Swamp Creek rhyolite of 16.14 ± 0.12 Ma confirms the older age [69]. No prior work was conducted on the Dome E of South Fork, and our new work yielded an age of 16.81 ± 0.05 Ma, which is among the oldest reported for any CRBG-related rhyolite [34]. Similar to other small rhyolite occurrences further west, the Swamp Creek rhyolite and the Dome E of South Fork are comprised of a small outcrop area not larger than a few km2, but this is unlikely their original extent given the coverage by younger regional ignimbrites and mafic lava flows.




3.1.5. Dinner Creek Tuff (4, 5, 6 in Figure 4)


The Dinner Creek Tuff was first described in the 1960s and 70s and was originally restricted to the Castle Rock and Malheur River Gorge area, with a maximum areal distribution of about 2000 km2 [75,76]). Field work in the following decades expanded the area of the tuff; grouped it into the LOVF along with several other regionally extensive rhyolitic tuffs, lava flows, and domes; and postulated a source caldera near Castle Rock despite a lack of any field evidence [43,77,78]. The only published field work that existed to support this interpretation was based on the MS thesis work by Woods [76], who interpreted the prominent physiographic feature of Castle Rock and other nearby outcrops of Dinner Creek Tuff as dikes and sources for the tuff.



Our new work on distribution, lithologic variations, geochemical compositions, and eruption ages indicates that the extensive Dinner Creek Tuff, along with correlated mapped and unmapped ignimbrites, includes a minimum of four discrete cooling units that were emplaced over an area of about 32,000 km2 (Figure 3 and Figure 8) [19,79]. Three of the four units are low- to high-silica rhyolites. The youngest unit posses a dacite bulk composition, which is due to commingling of rhyolites with andesitic mafic components [19]. Widespread fallout deposits in northeast Oregon and the neighboring states of Nevada, Idaho, and Washington have now been compositionally correlated with the redefined Dinner Creek Tuff [19]. Compositional coherence among rhyolites of the ignimbrite sheets and fallout deposits indicates a common source area [19] (Figure 6). Our subsequent work identified the Castle Rock caldera formed during the eruption of the 16.16 Ma Dinner Creek Tuff Unit 1 [80]. The northwestern boundary of the caldera is roughly defined by the juxtaposition of over 300 m of densely welded rheomorphic intra-caldera tuff and tuffaceous mega-breccia deposits against Mesozoic Weathersby Formation shale and pre-Miocene Ring Butte trachybasalt lavas. Following caldera collapse, fluvial and lacustrine volcaniclastic sediments were deposited on the caldera floor, and outflow tuffs of the Dinner Creek Tuff Units 2 and 4 were deposited in the caldera. Aphyric basaltic andesite and icelandite (Fe-rich andesite), which stratigraphically correlate to upper Grande Ronde Basalt lavas, intrude the caldera floor deposits, and lavas are interbedded with sediments and Dinner Creek Tuff Unit 4. The Ironside Mountain caldera formed during the eruption of 15.6 Ma Dinner Creek Tuff Unit 2, ~15 km north of the Castle Rock caldera [81]. The caldera is an 11 km by 6 km depression wherein over 900 m of intracaldera, rheomorphic, and partially welded tuff are bound by Weathersby Formation shale and Tureman Ranch granodiorite. Post-caldera collapse, basaltic andesite and icelandite dikes and sills, also stratigraphically correlative to upper Grande Ronde Basalt lavas, intruded into the tuff, mostly along the margins of the caldera, altering much of the tuff. Identification of source areas for the 16.46 Ma Unit 3 and the 15.2 Ma Unit 4 of the Dinner Creek Tuff is outstanding, but it appears to be southeast of the Castle Rock caldera (cf. Figure 3) [81]. Minimum areas for individual units are as follows: ~22,600 km2 (Unit 1), ~17,900 km2 (Unit 2), ~10,400 km2 (Unit 3), and ~9300 km2 (Unit 4). Using conservative thicknesses, determined tuff volumes are ~170 km3 (Unit 1), ~112 km3 (Unit 2), ~65 km3 (Unit 3), and ~58 km3 (Unit 4), totaling ~405 km3 (dense rock equivalent). Minimum calculated caldera volumes for Units 1 and 2 are ~99 km3 (Unit 1) and ~31 km3 (Unit 2), increasing the erupted volumes to ~269 km3 for Unit 1 and to ~143 km3 for Unit 2 [51].



A pre-caldera rhyolite lava older than the Dinner Creek Tuff crops out just south of Castle Rock, where we obtained an age of 16.29 ± 0.21 Ma (Table 2).



Cognate mafic components (glass shards, pumice shards, and mafic globules) that range in composition from dacite (~68 wt % SiO2) to Fe-rich basaltic andesite (~56 wt % SiO2) in composition are found in two of the cooling units (Figure 9). Major and trace element compositions of the more mafic components match the composition of nearby Grande Ronde Basalt flows and dikes. Compositional similarities between cognate mafic components and Grande Ronde Basalt flows are direct evidence for coeval mafic and silicic magmatism, linking rhyolites of the Dinner Creek Tuff and Grande Ronde Basalt eruptions. Furthermore, finding Grande Ronde Basalt magmas as co-eruptive component in Dinner Creek Tuff suggests that Grande Ronde Basalt magmas were stored beneath Dinner Creek Tuff rhyolites, thereby providing the first direct evidence for the location of a storage site of Columbia River Basalt magmas. Rhyolites of the Dinner Creek Tuff are Fe-rich and have A-type affinity (Figure 6).




3.1.6. Littlefield Rhyolite (7 and 8 in Figure 4) and Wildcat Creek Tuff (11 in Figure 4)


The Littlefield Rhyolite, named by Kittleman et al. [75], is an extensive unit consisting of rhyolite lava flows north and south of the eastern Malheur Gorge, eastern Oregon (e.g., [77]) (Figure 3 and Figure 10). Although Lees [82] found geochemical evidence for the existence of an older and younger magma type of the Littlefield Rhyolite, subsequent publications did not adopt the division into lower (older) and upper (younger) rhyolite units [8,16,18].



Although indistinguishable in the field, the Littlefield Rhyolite indeed consists of two distinct, voluminous, Fe-rich, Snake-River-type (cf. [83,84]), high temperature rhyolite lava packages that are currently referred to as the Lower and Upper Littlefield Rhyolite. The Lower and Upper Littlefield Rhyolites erupted in short succession (over less than 100 ka), with areal distributions of ~800 and ~1000 km2 and minimum volumes of 100 and 150 km3, respectively. The two rhyolites are clearly distinguished by composition (e.g., by Zr, Ba, Nb, TiO2 and FeO) but also by mineral composition and 40Ar/39Ar ages (16.11 Ma for the lower and 16.02 Ma for the upper Littlefield Rhyolites, respectively) (Figure 6) [71].



On the other hand, rhyolites known either as “rhyolite of Cottonwood Mountain” or “rhyolite of Bully Creek Canyon”, which are exposed around Cottonwood Mountain, northwest of Vale (cf. [8]), have identical compositions to samples of the Lower Littlefield Rhyolite. Single-crystal 40Ar/39Ar ages of two samples (16.12 ± 0.07 Ma and 16.20 ± 0.08 Ma) are statistically indistinguishable. This demonstrates that the rhyolites of Cottonwood Mountain and Bully Creek Canyon are, in fact, the Lower Littlefield Rhyolite. Thus, a more accurate recalculation of minimal extent of the Lower Littlefield Rhyolite is a distance of 40 km from vents observed within the Malheur River Gorge in the south to Cottonwood Mountain in the north.



A number of other rock units are sandwiched between the Lower and Upper Littlefield Rhyolite, where they crop out in sequence near the historic town of Namorf in the Malheur Gorge (Figure 10). These units include several basaltic lava flows and a one-meter-thick agglutinated spatter deposit of local Grande Ronde Basalt. The spatter deposit thickens to tens of meters over a distance of 800 m, where the deposit is strongly welded. We now recognize this as a venting site of Grande Ronde Basalt. Ages of Littlefield Rhyolite flow units bound the timing of eruption of local Grande Ronde Basalt to a span of ~100 ka between 16.05–16.12 Ma, and they provide a narrow age constraint on the controversial lower age of Grande Ronde Basalt volcanism.



The Upper Littlefield Rhyolite is overlain in the southwest of its distribution area by another Fe-rich dacite–rhyolite-commingled ignimbrite, the Wildcat Creek Tuff. The tuff was undated, and only a stratigraphic age existed. We obtained an age of 15.489 ± 0.022 Ma via Ar/Ar single-crystal analysis on anorthoclase. The bulk composition of the tuff varies from 62 to 71 wt.% SiO2, but the bulk composition represents commingling of 74 wt.% SiO2 rhyolite with Fe-rich ~60 wt.% dacite magmas, leading to a spectacular-looking dark tuff (Figure 9). Dinner Creek Tuff Unit 4 (best age 15.24 Ma) and the tuff of Buchanan (15.12 Ma) (see above) are similarly commingled, with dacitic to low-Si rhyolite bulk compositions.




3.1.7. Mahogany Mountain—Three Fingers (12 in Figure 4) and Nearby Rhyolite Fields (9, 13, 14, 15 in Figure 4)


The ~900 km2 Mahogany Mountain—Three Fingers rhyolite field (MM–TFrf) is one of largest mid-Miocene rhyolite centers associated with Columbia River flood basalt volcanism (Figure 3 and Figure 4). Early studies advocated for a two-caldera model consisting of the Mahogany Mountain caldera and the younger Three Fingers caldera producing the tuff of Leslie Gulch (TLG) and the tuff of Spring Creek, respectively, along with pre- and post-caldera effusive rhyolites [85,86]. Benson and Mahood [87] suggested only one larger caldera with pre- to post-caldera rhyolites after finding that the tuff of Spring Creek in Leslie Gulch proper is part of the TLG. Combining data from our recent studies [73,74] and results by Marcy [72], we can further address the stratigraphic and geochemical eruptive history of this rhyolite field.



The only rhyolite underlying the TLG is found in the Leslie Gulch locality (Figure 3) [7], yielding an age of 16.042 ± 0.016 Ma. All other, abundant and compositionally variable rhyolites of the MM–TFrf (Figure 6) post-date the tuff of Leslie Gulch, including the prominent rhyolites of Mahogany Mountain (15.82 ± 0.05–15.71 ± 0.05 Ma; Table 1) in the south and the rhyolite of McIntyre Ridge along the NW margin of the MM–TFrf (cf. [60]). Along Succor Creek (Figure 3), we correlate mostly nonwelded tuffs, that underlie pronounced rhyolite cliffs of McIntyre Ridge (15.86 ± 0.03 Ma) and of Devils Gate (e.g., 15.95 ± 0.03 Ma), with the TLG; tuffs consist of fine-grained ignimbrites, surges, and fallout deposit [73]. Stratigraphic data reveal that the TLG is a complex, multi-phase deposit with periodic pauses in eruptive activity. Ignimbrites distinct from the TLG range in age from 15.928 ± 0.007 Ma to 15.74 ± 0.09 Ma, and these tuffs indicate pyroclastic activity elsewhere in the MM-TTrf from the rhyolitic Honeycomb Hills [18] immediately north of the original Mahogany Mountain caldera to Succor Creek in the northeast.



The MM-TFrf represents a prolific rhyolite center that was active for 300 Ka, starting effusively at 16.04 Ma but quickly continuing with a major phreatomagmatic phase to deposit the composite TLG. This activity was followed by widespread post-caldera effusive rhyolites that were punctuated by other pyroclastic events (with or without caldera formation), all of which ended at ~15.7 Ma. The estimated volume for this main phase of the MM-TFrf is 300–500 km3. All rhyolites of the MM-TFrf are Fe-rich, A-type rhyolites with A-type affinities becoming less pronounced with younger age (Figure 6).



Rhyolite eruptions recommenced to the southeast of the MM-TFrf with the 15.52 ± 0.02 Ma to 14.94 ± 0.2 Ma calc-alkaline Birch Creek rhyolite (14 in Figure 4) [34], to the south of the field with the 14.42 ± 0.02 Ma Fe-rich McCain Creek rhyolite (15 in Figure 4) [74], and in the northern portion of the field with the calc-alkaline Owyhee Dam rhyolite (aka Dam rhyolite) (13 in Figure 4) at 14.74 ± 0.02 Ma [34]. Our ages are largely consistent with recent Ar/Ar ages from [87], with our younger age of Birch Creek being the only exception.



Another rhyolite yielding an age of later-stage rhyolites that we associated with Columbia River Basalt magmatism is the Fe-rich rhyolite of Dry Creek [9] (14.78 ± 0.03 Ma, [34]), located between exposures of the lower Littlefield Rhyolite and the MM-TFrf (Figure 3).




3.1.8. Rhyolites along the Western Margin (17, 18, 19, 20 in Figure 4)


There are several mid-Miocene rhyolite centers that lie along the western periphery of CRBG-associated rhyolites. Each of these rhyolites is comprised of a small outcrop area not larger than a few km2. However, this is unlikely their original extent as younger regional ignimbrites, mafic lava flows, and younger effusive rhyolites are found nearby and likely obscured these rhyolites. West, at 119.3o W, two dome complexes expose mid-Miocene rhyolites (Figure 3 and Figure 4); 40 km north of the town of Riley, a small exposure of Donnelly Butte (18 in Figure 4) with an Ar/Ar plateau age of 15.59 ± 0.06 Ma is surrounded by younger rocks. Wagontire Mountain (19 in Figure 4), located about 30 km south-southwest of Riley, is primarily comprised of several younger rhyolite units. Wagontire Mountain also contains an older, mid-Miocene portion that we could only sample along the western margin due to access issues. A glassy crystal-rich sample from Wagontire Mountain yielded an Ar/Ar age of 14.79 ± 0.05 Ma. Two rhyolites east and west of highway 395 and north of Burns currently do not have radiometric ages, but stratigraphic relationships indicate mid-Miocene ages (Figure 3 and Figure 4). The previously unmapped calc-alkaline rhyolite of Craft Point (17 in Figure 4) crops out 30 km northwest of Burns, and it underlies Unit 1 of the Dinner Creek Tuff, assigning it a stratigraphic age of ≥ 16.2 Ma. Outcropping 30 km north of Burns, the Fe-rich rhyolite of Myrtle Creek (20 in Figure 4) clearly lies below the 9.7 Ma Devine Canyon Tuff but also likely below Unit 4 and Unit 1 of the Dinner Creek Tuff. Therefore, the stratigraphy suggests a 15–16 Ma age as well for the rhyolite of Myrtle Creek. The rhyolite of Craft point is a quartz-phenocryst bearing high-silica rhyolite straddling the calc-alkaline/A-type divide while the rhyolite of Myrtle Creek has a strong A-type trace element signature (Figure 6).





3.2. Ages of Other Mid-Miocene Silicic Centers


Here, we summarize the ages of other rhyolites emplaced in southeastern Oregon, northern Nevada, and western Idaho that fall into the ~17–~15 Ma age range. Some of these rhyolites have long been associated with CRBG magmatism, while ages of others became available only recently. All Ar/Ar ages were calculated with a Fish Canyon Tuff age of 28.201 Ma [88].



3.2.1. McDermitt Volcanic Field (25, 26 in Figure 4)


McDermitt Caldera has historically been viewed as the starting point of the Snake River Plain–Yellowstone age-progressive rhyolites, long interpreted to represent the Yellowstone Hotpot track [35]. Recent compiled mapping and age dating by Henry et al. [26] determined that rhyolite eruptive activity at McDermitt (proper) began with 16.6–16.7 Ma with pre-caldera lavas, followed by the main caldera forming ignimbrite eruption at ~16.35 Ma. Eruption of effusive post-caldera rhyolite and Fe-rich intermediate lavas followed shortly after emplacement of caldera-forming ignimbrite. Most of the rhyolites at McDermitt are peralkaline A-type rhyolites, but biotite-bearing calc-alkaline rhyolites also occur relatively early in the eruption sequence [26]. A study by Benson and Mahood [22] focusing on the greater McDermitt volcanic field also includes the Whitehorse Caldera of [78] and what they designate as the northern McDermitt volcanic field [26] in addition to the rhyolites of McDermitt Caldera that they label southern McDermitt volcanic field [31] and for which they obtained matching age data. Their additional ages of rhyolites from the northern McDermitt volcanic field reiterate that effusive eruptions began at 16.6 Ma, followed by alternating ignimbrite and effusive eruptions, culminating with the caldera-forming ignimbrite associated with the Whitehorse caldera at ~15.6 Ma.



Tuffs from the southern and northern volcanic field interfinger, and this has led to different views on the number of eruptive units, their origins, and what to call them (cf. [22,26]).




3.2.2. High Rock Caldera Complex (28–30 in Figure 4)


Fifty kilometers to the west of McDermitt Caldera lies a mid-Miocene caldera complex—the High Rock caldera complex, which has been known and studied for decades ([17] and references therein). The complex consists of three to four south-southwest-aligned calderas, each with associated pre- and post-caldera lava. The oldest pre-caldera rhyolite is 16.69 ± 0.15 Ma, preceding the eruption of the tuff of Idaho Canyon at ~16.49 [17] or at 16.56 Ma [26]; these eruptions came from Virgin Valley Caldera [17], the northeasternmost caldera of the complex [17]. The other ignimbrites with caldera formation erupted at ~16.45, ~16.1, and ~15.8 Ma. The last post-caldera effusive rhyolites erupted at ~15.8 Ma from Cottonwood Creek Caldera [80], the southwesternmost caldera [17]. Peak activity within the High Rock Caldera complex appears to be between 16.3 Ma and 15.9 Ma, and there is some disagreement on the total number of distinct calderas and ignimbrites [17,26].




3.2.3. Hawks Valley–Lone Mountain Volcanic Field (27 in Figure 4)


Just north of the High Rock caldera complex on the other side of the Oregon/Nevada state border is the Hawks Valley–Lone Mountain volcanic field [27], composed of a mostly effusive rhyolite–trachyte suite. Rhyolites here have yielded ages of 16.6–16.4 Ma [46].




3.2.4. Santa Rosa–Calico Volcanic Field (24 in Figure 4)


Twenty to thirty kilometers east of the McDermitt caldera lies the mid-Miocene Santa Rosa–Calico volcanic field, which includes rhyolites that erupted mostly effusively and which range in age from 16.7–15.4 Ma. The period of peak activity based on existing geochronological data appears to be from 16.0–16.4 Ma [15].




3.2.5. Juniper Mountain Complex (23 in Figure 4)


The Juniper Mountain complex lies in Idaho near the Oregon/Idaho state border, about 50 km northwest of the Santa Rosa–Calico field [79]. Rhyolite lavas here range from 14.5–13.5 Ma, and hence, we consider only the oldest rhyolite to be related to the basaltic input of the Columbia River Basalt during its main phase from ~17 to ~<16 Ma (see Section 4).




3.2.6. Silver City Range (22 in Figure 4)


The Silver City Range is located farther north along the Oregon/Idaho state border in Idaho. Rhyolite lavas yielded three ages spreading from the earliest Columbia River Rhyolites to the latest activity. These ages are 16.66 ± 0.08 Ma, 16.33 ± 0.12 Ma, and 14.21 ± 0.11 Ma [4].




3.2.7. Weiser Embayment Volcanic Field (21 in Figure 4)


Recent mapping around the Weiser Embayment in Idaho revealed the existence of a mid-Miocene volcanic field that also produced rhyolites. A capping ignimbrite yielded a U-Pb age zircon age of 16.394 ± 0.008 Ma [89]. Since it is a capping unit, stratigraphically lower rhyolites are expected to be slightly older.




3.2.8. Rhyolites of Bald Butte (32 in Figure 4), Drum Hill (32 in Figure 4), and Twenty Mile Creek (31 in Figure 4)


In their study of late Miocene to Pliocene rhyolites of the High Lava Plains of Oregon, Ford et al. [63] found three rhyolite centers to be mid-Miocene and hence to be older than rhyolite volcanism associated with the progressive age trend of the High Lava Plains (Figure 2A). Bald Butte (32 north) is 17.53 ± 0.08 Ma, and Drum Hill (32 south) is 17.30 ± 0.09 Ma (Figure 4). The rhyolite of Twenty Mile Creek [31] is 15.13 ± 0.08 Ma and is located in Oregon near the Oregon–Nevada–California state border (Figure 4). Compositions indicate they range from A-type to calc-alkaline in character, respectively [63].




3.2.9. Mid-Miocene Dacites of the Harney Basin (33, 34 in Figure 4)


MacLean [90] and Jordan et al. [39] determined that mid-Miocene dacite dome complexes are located along the periphery of the Harney Basin. Two of these dacite domes—Horsehead Mountain (33 in Figure 4), dated at 15.63 ± 0.03 Ma, and Little Juniper Mountain [58], dated at 15.65 ± 0.04 Ma—lie in the southwest corner of the Harney Basin [39]. Jackass Mountain (34 in Figure 4), located in the southeast corner of the Harney Basin, near the Dome E of South Fork (see Section 3.1.4, yielded an age of 15.34 ± 0.19 Ma [65].






4. Discussion


4.1. Distribution and Waxing and Waning of Columbia River Rhyolite Activity


Combining our data and the previous literature’s data, we divide 17.5–14.5 Ma rhyolites associated with the Columbia River province into four age brackets (Table 2): 17.5–16.4 Ma, 16.3–15.9 Ma, 15.8–15.4 Ma, and 15.3–14.5 Ma. This approach is intended to focus on patterns in eruption ages, but volume considerations are discussed later. Although the ~32 rhyolite centers that erupted between 17.5 Ma and 14.5 Ma (Figure 4 and Table 2) vary in eruptive volumes, we emphasize the timing and location of these eruptions because these data are useful in tracking where large reservoirs of basalt magma must have resided in the crust as a heat and/or material source (see Section 4.3). These activity duration data are minima, as additional ages from centers with few ages could extend the activity period for each eruptive center. The four sub-ranges within the overall 17.5–14.5 Ma range were chosen because they each represent a critical period of activity; the 17.5–16.4 Ma range captures the earliest eruptive centers, two ranges of 400,000 year duration (16.3–15.9 Ma and 15.8–15.4 Ma) reflect the middle of the overall age range, and the 15.3–14.5 Ma captures the tail end of activity. The oldest episode of rhyolite eruptions has a wide footprint (Figure 11A), from the Drumhill–Bald Butte center (32 in Figure 4) in the southwest to Unity [3] and the Weiser Embayment [21] in the north; to Silver City [22] along the central eastern flank; and to the axis of Hawks Valley, High Rock, McDermitt, and Santa Rosa–Calico centers straddling the Oregon–Nevada state border. The only center that falls somewhere in the middle of the area defined by the others is the Dome E of South Fork [16] (Figure 4 and Figure 11). All of the larger centers stayed active into the 16.3–15.9 Ma range, when numerous other rhyolite eruptions commenced. Notably, eruptive activity within the northern (43–45o N) and southern (41–43o N) areas (cf. Table 2) remains nearly consistent over time. However, in the north, many new centers in different locations become active over time, while younger activity in the south is largely confined to the same centers that were previously active. Coble and Mahood [17] have noted that overall, centers in the High Rock caldera complex become slightly younger towards the SSW. Lastly, fewer rhyolites erupted in the last age range, but they are still within the same large footprint. We included the Jarbidge rhyolite [23] in these maps, but note that prior workers considered activity in that locality to be associated with propagating rifting rather than the CRBG (e.g., [23]). Regardless, there appears to be no south-to-north progression of rhyolite volcanic activity from 17.5–14.5 Ma (Figure 11) (cf. [17,39]). Rather, rhyolite eruptive activity appears to have waxed and waned across the entire footprint of 17.5–14.5 Ma volcanism. This is also evident if we use three subequal time slices instead of four (Figure 11E). The noted south-to-north progression was based on incomplete and locally inaccurate ages. With our updated and expanded geochronologic dataset, a more likely footprint of co-CRBG rhyolite activity emerges. Additionally, these data highlight the well-defined northern, western, and eastern spatial termination of rhyolite volcanism in this period. The southern terminus is more diffuse as there are 16–15 Ma rhyolites associated with ore deposits farther south in Nevada (36 in Figure 4) (cf. [91,92]). It is less clear whether those are associated with flood basalt magmatism or with Basin and Range extension. Even if we include these, the general conclusions reached are the same.



It is also important to note that silicic volcanism impacted the area of the Columbia River Rhyolites prior the Columbia River rhyolite flare-up. During the late Oligocene, mainly around 22–25 Ma, eastern Oregon silicic volcanism typically consisted of more dacite and less rhyolite [80,93,94,95,96,97]. This episode of volcanism was revealed only very recently in certainly places. Furthermore, these older volcanic rocks are only exposed along deep-seated fault scarps and at other local uplifts. Notably, this suggests a hiatus in silicic volcanism of about 5–8 million years before initiation of Columbia River rhyolite volcanism, and this indicates that prior silicic volcanism was also widespread and typically calc-alkaline in character.




4.2. Mid-Miocene Rhyolites in Context to CRBG


Radiometric ages of rhyolites of this study and previously published data range from 17.5–14.5 Ma. Main phase CRBG magmas—consisting of Steens Basalt, Imnaha, Picture Gorge (PGB), and Grand Ronde Basalt units—account for 92% of all CRBG volume [5]. Lavas of this main phase CRBG erupted over less than 1–1.5 m.y., starting at ~16.9 Ma [12,99]. The newest age data suggest that the PGB started to erupt at ~17.2 Ma [100], hence it appears to be the earliest-erupting CRBG. More importantly, this indicates that the onsets of PGB and Steens Basalt were essentially synchronous, as the currently oldest known age of Steens Basalt is 16.97 ± 0.06 Ma [99]. The most voluminous member of the CRBG is the Grand Ronde Basalt, accounting for 75% of all CRBG magmas [101]. Chronology from [1] suggesting that Grande Ronde Basalt eruptions took place from ~16–15.6 Ma has been questioned (cf. [27]); on the other hand, the [12,102] chronologies indicate eruptions began at 16.54 Ma and ended at 15.95 Ma in paleomagnetic chron C5Cn.1n. Consequently, waxing rhyolite activity largely coincided with Steens Basalt and PGB as well as Imnaha Basalt, while eruption of the main pulse of rhyolites coincided with Grande Ronde Basalt volcanism but outlasted it by ~400 ky.



Direct stratigraphic evidence for contemporaneity of CRBG volcanism and rhyolites is within areas where CRBG units are intercalated with rhyolites. This area includes (1) the greater Malheur River Gorge area (Figure 3), where Grande Ronde Basalt is intercalated with rhyolites overlying older CRBG units (e.g., [16,70,98], and (2) peripheral areas in which units of the Dinner Creek Tuff are intercalated into Grande Ronde Basalt at Rattlesnake Road [18], north of Baker City, and along the Oregon/Idaho state border east of Baker City (Figure 3). Additionally, several other ignimbrite units emplaced farther south are intercalated with Steens Basalt [103]. Evidence for contemporaneousness and for overlapping locations of late Grande Ronde Basalt and rhyolite magmas are found in ignimbrites that contain mafic glassy fragments of late Grande Ronde compositions. These ignimbrites include some Dinner Creek Tuff units [19], the Wildcat Creek Tuff [81] and the tuff of Buchanan (Figure 9). Residence of Grande Ronde Basalt magmas beneath rhyolites is also inferred from petrological evidence in the case of the upper Littlefield Rhyolite [71]. In late Grande Ronde Basalt magmas, we also include Fe-rich andesites (icelandites) that show direct lineages to Grande Ronde magmas (Figure 9) ([19,26,71,81]. All these data are corroborated by late Grande Ronde eruption sites that are within the same locations [7,71]). This area largely overlaps the area previously postulated to have been the location of a general storage site for CRBG magmas (Figure 12D) [11], and it coincides well with what is inferred from the distribution of Columbia River Rhyolites (see above).




4.3. Consequences of Arrival, Storage, and Dispersal of Columbia River Basalt Magmas


End-member models for how rhyolites can be generated range from partial melting of the crust to fractional crystallization of mafic magmas. In the former model, basalt magmas provide heat to induce partial melting, and in the latter model, basaltic magmas provide the source material for generating rhyolites by crystal fractionation. Though the specific details of each model differ, basalt magmas are involved in the petrogenesis of rhyolites in both models, and therefore, rhyolites are clear indicators of where a thermal pulse originating from the mantle is delivered to the crust via injection of basalt, irrespective of the details of rhyolite petrogenesis (e.g., [30]). Some incubation time from basalt heat input to generation of rhyolites can be assumed [104], although recent thermal models suggest that this period can be very short. Rhyolites of continental flood basalt provinces offer an alternative and complementary perspective on the temporal evolution of the arrival, dispersion, and storage of flood basalt magmas. Rhyolite magmas may be produced in the crust but fail to erupt, or they may mix with basalt to produce intermediate magmas. Thus, documenting rhyolite magmatism can only be based on rhyolite exposures on the surface, and these rhyolites are a minimum expression. Additionally, erosion and coverage by younger rocks can reduce the original surface extent of rhyolites. Considering all these factors that influence eruptive area and volume estimates, we use the details of rhyolite activity through time (Figure 10) to infer basalt activity at depth. Lastly, it should be noted that basalt magmas at depth may interact with the crust in such a way that no rhyolite magmas are generated, but instead, intermediate magmas are produced through fractional crystallization or through open system assimilation and contamination processes.



Rhyolites associated with the CRBG first erupted from 17.5 Ma to ~16.4 Ma over a wide area in eastern Oregon, western Idaho, and northern Nevada, indicating basalt magmas at depth. Mafic CRBG eruptions began with the 17.2 Ma Picture Gorge Basalt [100] of northeastern Oregon and the 17.0 Ma Steens Basalt [86] in the south, coinciding with rhyolite eruptions in the north, at the Unity area, in the west along the eastern Harney Basin, and in the south along the Nevada–Oregon border (Figure 11 and Figure 12). Rhyolites with slightly younger ages of 16.7 Ma and 16.4 Ma around Silver City and Weiser could be associated with the initial pulse of Imnaha magmas, generally thought to be 16.7–16.4 Ma (Figure 11 and Figure 12). There may be an even earlier basalt pulse predating this given the 17.53–17.30 Ma ages of Bald Butte and Drum Hill [62] (Figure 12). In any case, the distribution of rhyolite centers indicates that flood basalt magmas ascended from the mantle at approximately the same time across the entire region.



Based on the volume and number of active centers, the 16.3–15.9 Ma and 15.8–15.4 Ma sub-ranges indicate that rhyolite volcanism was most intense during this time (Figure 11 and Table 2). This phase correlates well with the later PGB (cf. [98]) and particularly well with the voluminous Grande Ronde Basalt, which is ~16.3 to 15.9 Ma. Thus, magma reservoirs hosting these mafic magmas must have been widespread in the crust below those rhyolite centers (Figure 12 and Section 4.2). Additionally, icelandites are not uncommon in this time window, occurring both as commingled icelandite–rhyolite ignimbrite eruptions and as distinct mafic lavas and vent deposits (Figure 9). These icelandite eruption locations coincide with much of the northern sector rhyolites, and they are also reported from southern sector centers (e.g., [26]). Icelandites suggest protracted magmatic evolution (cf. [105]), and this can serve as evidence that longer lived crustal reservoirs existed during this time range.



Although the last rhyolites from 15.3–14.5 Ma are younger than the main phase units of the CRBG, basalt magmas are inferred at depth in this time frame. Some of the rhyolites of this time window are observed underlying or are intercalated with mafic lavas. Such is the case with units of the Strawberry Volcanics [53,70] and where the Oywhee Basalt overlies the 14.7 Ma “Dam” rhyolite at the Owyhee reservoir. Interestingly, these mafic lavas are either tholeiitic basalt or relatively evolved calc-alkaline basaltic andesite to andesite lavas, where magmatic evolution is driven by open system processes (e.g., [70]). The evolved mafic lavas mark a distinct younger phase of calc-alkaline magmatism (14.2–10.0 Ma) in eastern Oregon (Stage 5 of [71]) after the CRBG and subsequent tholeiites (14.4–13.3 Ma) [71].



The well-defined northern, western, and eastern spatial extents of 17.5–14.5 Ma rhyolite volcanism delimit the area in which basalt magmas resided long enough in the crust to generate rhyolite. In turn, this suggests that CRBG dikes of the Chief Joseph and Monument dike swarms located beyond these limits were not fed by magmas from reservoirs located below the dikes but rather that they were fed laterally from reservoirs residing within the footprint of the rhyolite distribution (cf. Figure 1).




4.4. Consideration of Volume for Inferences of the Vigor of Basalt Magmatism


A number of researchers have pointed to volume of rhyolite being an important parameter for inferences about basalt magmatism at depth (e.g., [46]). The argument is that the volume of rhyolite erupted correlates with the basalt volume at depth, implying that where rhyolites are most voluminous, basalt magmatism is most voluminous. This statement has been used to argue that intrusion of CRBG magmas along the Oregon-Nevada border was much more significant than within the area of the northern sector of co-CRBG rhyolites.



First, the area of rhyolites exposed represents what has withstood post-emplacement erosion and what was not obscured by later deposition. Such deposition includes but is not limited to the abundant post-rhyolite eruptive activity in the northern sector (cf., [46]). However, to address the more notable challenge to direct correlation of rhyolite and basalt volumes, it is critical to remember that the volume of rhyolite produced in partial melting strongly depends on the composition of the material that is melting. Mafic protoliths will produce considerably less rhyolite than felsic protoliths at the same conditions (e.g., [106]). It has long been known that the area in which rhyolites of the northern sector were emplaced is underlain by a variety of terrains that were accreted onto the North American continent during the Mesozoic. In contrast, all very voluminous rhyolite centers of the southern sector are underlain by more felsic and thicker crust (e.g., [107,108]). Furthermore, as mentioned above, rhyolites generated at depth may have not persisted as rhyolites, as they may have mixed with basalt or experienced basalt–crust interaction that generated non-felsic melts. For example, virtually all Grand Ronde Basalt magmas are not basalt but basaltic andesite, requiring 9% to 56% of crust to arrive at the observed isotopic endmember compositions of the Grande Ronde Basalt [27]. The estimated volume of the Grande Ronde Basalt is 150,400 km3 [27], and hence if even 10% of crust was consumed during its generation, this is a substantial amount of potential melt. This discussion clearly indicates that using solely rhyolite volume considerations will inaccurately predict relative basalt magma volumes at depth, especially those of such a wide and lithologically diverse area as discussed here.




4.5. Implications for the Age-Progressive Snake River Plain–Yellowstone Rhyolite Trend and for the Pre-CRBG Hotspot Track


The traditional starting point of age-progressive Snake River Plain–Yellowstone trend is considered to be ~16.5 Ma at the McDermitt volcanic field, followed by the ~14 Ma Owyhee Humboldt volcanic field, the 12 Ma Bruneau-Jarbidge center, and others, culminating at present day Yellowstone (Figure 1 and Figure 13) [38]. This has not fundamentally changed in modern research (cf., [50]). The footprint of waning activity (i.e., 15.3–14.5 Ma; see Figure 11D) among Columbia River Rhyolites does not include the McDermitt nor the Santa Rosa–Calico volcanic centers as being active, but it does include rhyolite centers farther north—the southernmost of which are Birch Creek, Dam, Dry Creek, Silver City, and Juniper Mountain—and centers in the far southwest of the rhyolite province (Figure 11D). Juniper Mountain is the closest center to the alleged Snake River Plain hot spot track that was active between 14.5 Ma and 13.5 Ma (Figure 13) [109].



Most other ≤ 12.5 Ma centers potentially related to the Snake River Plain are located along the Oregon–Idaho state border in a corridor from Mahogany Mountain to the Idaho–Nevada state border to the Bruneau-Jarbidge center (Figure 13). Rhyolites of this age are those of the Idaho Front, including the voluminous Jump Creek Rhyolite [4,110], and they overlap the eastern flank of the MM-TFrf. Very few precise or even older ages exist for rhyolites south of Juniper Mountain. The only two published ages from rhyolites of this area are from the Circle Creek rhyolite, ranging from 12–11 Ma [111]. The Circle Creek rhyolite is located directly at the Idaho–Nevada state border and is part of the Owyhee Humboldt volcanic field. The Juniper Mountain and the Santa Rosa–Calico fields are sometimes included in the Owyhee Humboldt volcanic field as well, hence the depicted activity span for the Owyhee Humboldt field varies, such as 14.5–12.8 Ma reported by [46] and 15.9–12.8 Ma stated in [112]. It appears that the main area covered by the Owyhee Humboldt field is poorly studied, with little published geochronologic data. Historically, most ages cited for this field were acquired from units within the area of Juniper Mountain that lies at the very northern end of the rather large Owyhee Humboldt volcanic field (cf., [38,109]). This is indeed important when we revisit the alleged Snake River Plain hotspot track (e.g., [38,50]) that was largely formulated without knowing the true ages and age distribution of the northern sector rhyolites described here. Age distribution patterns discussed here suggest that McDermitt is likely not the starting point of the Snake River Plain trend but rather that it belongs to the early- to middle-aged Columbia River Rhyolites. Based on age of activity (Figure 11), this appears to also be the case for rhyolites of the Santa Rosa–Calico volcanic field, rhyolite centers in the northeast portion of the High Rock Caldera complex, and the northern McDermitt volcanic complex, so the starting point of the Snake River Plain trend remains in question. True locations of rhyolite activity ≤ 12.5 Ma are better aligned with an initial eastward migration that coincides with “path B” of [37] (see Figure 2B) first mentioned in [49]. This eastward migration may start after a brief hiatus in rhyolite activity of ~1 m.y. Interestingly, if not for rhyolites of the Juniper Mountain center, this hiatus would be 14.5–12.5 Ma, similarly to the one observed in the westward-migrating High Lava Plains rhyolites (cf., [34]). Returning to the hotspot track discussion, “path B” was considered unlike a hot spot track as field data, such as the noted south-to-north basalt and rhyolite migration trends, implied a plume axis farther south ([37] and discussion therein). Additionally, path B does not parallel the direction of plate motion, which has been suggested to be due to complications of plume–cratonic lithosphere interactions [49]. Plate motion that causes a linear chain of volcanic centers is only expected if we treat the thermal anomaly that intercepts the crust (i.e., basalt from the mantle) as a stable point source. Columbia River Rhyolites clearly indicate that the thermal pulse was not a simple point source until at least 14.5 Ma and possibly not until after ~12 Ma. From this, we propose that true plate motion dictated and focused rhyolite activity (Yellowstone track) starts with the Bruneau-Jarbidge center at ~12 Ma and not at the McDermitt center or any other center nearby.



We now consider a recent model that links the CRBG to the Eocene flood basalts of the Siletzia plume via a hot spot track. In this model, magmas of the CRBG are caused by a secondary upwelling of mantle material and are not caused by the arrival of a plume head [50,51]. A significant component of this model is the ~30 m.y. age gap between 56–41 Ma Siletzia [51] eruptions and 17.5–14.5 Ma eruptions of the CRBG. The nature and migration of volcanic activity from inception of the Siletzia plume to CRBG volcanism is in question. Can migration be traced as a narrow “hotspot track”, as discussed for the Snake River Plan trend, or could it be a broad zone? Camp and Wells [50] propose a narrow hotspot track, yet the distribution of Fe-rich, A-type rhyolites and other calc-alkaline rhyolites active between 35 to 20 Ma suggests a broad migration (cf. [96,97] and references therein), if any migration at all (Figure 13). Hence, we suggest that classical hotspot track systematics like those observed in the ocean basins should not be used as a critical interpretation framework for continental flood basalts and ensuing volcanism, as discussed here for the Pacific Northwest.





5. Conclusions


We investigated numerous understudied mid-Miocene rhyolite centers in eastern Oregon. Combining our new distribution and ages of rhyolite centers with those discussed in previous literature, we consider rhyolites spanning from 17.5–14.5 Ma of eastern Oregon, northern Nevada, and western Idaho to be a direct response of flood basalts of the Columbia River Basalt Group, and we collectively categorize them as Columbia River Rhyolites. The spatiotemporal patterns of Columbia River Rhyolites have implications for arrival, location, and dispersion of flood basalt magmas in the crust. The period from 17.5–16.4 Ma was the waxing phase of rhyolite activity, and the period from 15.3–14.5 Ma was the waning phase. Most rhyolite centers were active between 16.3–15.9 Ma and 15.8–15.4 Ma. The location of centers within the waxing phase imply arrival of CRBG magmas across the distribution area of rhyolites. These rhyolites are thought to correspond to the thermal pulses correlated to the arrival of Picture Gorge Basalt and Picture-Gorge-Basalt-like magmas of the Imnaha Basalt in the north and with Steens Basalt magmas in the south. The 16.3–15.9 Ma phase of prominent rhyolite volcanism corresponds to Grande Ronde Basalt and evolved PGB and Steens Basalt. The 15.8–15.4 Ma phase of eruptive activity slightly postdated the aforementioned flood basalts but are contemporaneous with icelanditic magmas that evolved from flood basalts. Centers within the waning phase span the areal distribution of earlier waxing phase. This suggests the following:




	
There is no south-to-north age progression within the rhyolites, and the perceived progression was a result of an incomplete geochronological dataset of regional rhyolites. Consequently, the age progression interpreted in main CRBG units from south to north may simply be a function of where these eruptions occurred and not where mantle magmas were delivered.



	
The rhyolite flare-up associated with CRBG volcanism covers a broad area and is focused significantly north of the McDermitt eruptive center and other earlier centers along the Oregon–Nevada state border.



	
Arrival of the thermal anomaly associated with flood basalts is essentially “instantaneous” across a circular area of 300–400 km, which seems to be best matched with the arrival of a mantle upwelling, irrespective of whether it was deep- or shallow-sourced.



	
Distribution of rhyolites is well delimited in the west, north, and east, and this distribution likely reflects the extent of flood basalt reservoirs in the crust. Consequently, CRBG dikes of the Chief Joseph and Monument dike swarms located beyond these limits were likely not fed by magmas from crustal reservoirs located below the dikes. Rather, these swarms are keel dikes that were likely fed laterally from reservoirs residing within the footprint of the rhyolite distribution.



	
The long-held view of McDermitt (and other early centers along the Oregon–Nevada state border) as the start of the age-progressive Snake River Plain trend (and which has been interpreted as hotspot track) must be revisited. Young Columbia River Rhyolites and younger centers suggest a more diffuse west–east migration starting farther north rather than a northeast migration from the McDermitt center. We suggest true age-progressive rhyolite volcanism paralleling plate motion of the North America plate started at the Bruneau-Jarbidge center from ~12 Ma onward towards Yellowstone.
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Figure 1. Regional setting of flood basalt lavas (blue) of Columbia River Basalt Group (CRBG) in the Pacific Northwest of the United States along with location of the three main dike swarms and 17.5–14.5 Ma rhyolite centers (red) discussed in this paper. White dashed line delimits the current extent of the Lake Owyhee volcanic field (LOVF) (cf. [7]); gray dashed line represents the extent of the Strawberry Volcanics (SV). 
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Figure 2. (A) Traditional representation of age-progressive rhyolites and rhyolite caldera centers of the Pacific Northwest, marked by age isochrones in Ma and arrows (red) in relation to flood basalts (blue), and stars mark location of large Cascade volcanoes (redrawn from [5]). (B) After [37], highlighting apparent migration trends within CRBG lavas and 16.5–15.0 Ma rhyolites that are deduced from age data prior this study in relation to the two discussed mantle impingement areas near McDermitt Caldera (MC) and near the town of Vale (V). Dark red ovals mark presumed oldest center, Virgin Valley Caldera (VVC), Santa Rosa-Calico (SRC), and Silver City (SC); other abbreviations: Yellowstone (Y), Oregon Idaho Graben (OIG), Northwestern Nevada Rift (NWR); A, B, C denote possible migration trends of the Yellowstone hotspot discussed in [37]; (C) Figure depicting spatial gap between first recognized rhyolite centers and Columbia River Basalt prior to incorporating the Steens Basalt, redrawn from [37]; (D) Pacific Northwest, showing large-scale physiographic, geologic, and geophysical features converging north of the McDermitt volcanic center, which is labeled “M” (figure redrawn from [36]). 
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Figure 3. Location and extent of rhyolites investigated in this study; Solid lines represent the extent of ignimbrites with envelopes around the most distal outcrops of units of the Dinner Creek Tuff (stars), adapted from [51]. Dashed ovals indicate calderas (see text for details). 
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Figure 4. Map showing locations of all ~17–14.5 Ma rhyolite centers discussed in this paper. Centers labeled 1 through 20 are those that we studied; Centers 21 through 36 are based on the literature data mentioned in text. The centers are: 1: Dooley Mountain, 2: Strawberry, 3: Unity, 4: Ironside Mtn caldera (source of Unit 2 of Dinner Creek Tuff); 5: Castle Rock caldera (source of Unit 1 of Dinner Creek Tuff); 6: estimated source of Units 3 and 4 of Dinner Creek Tuff; 7: Lower Littlefield Rhyolite; 8: Upper Littlefield Rhyolite; 9: Dry Creek, 10: Buchanan; 11: estimated source of Wildcat Creek Tuff; 12: Mahogany Mountain—Three Fingers; 13: Dam; 14: Birch Creek; 15: McCain Creek; 16: Swamp Creek and Dome E of South Fork; 17: Craft Point; 18: Donnelly Butte; 19: Wagontire Mountain; 20: Myrtle Creek; 21: Weiser; 22: Silver City; 23: Juniper Mountain; 24: Santa Rosa Calico; 25: McDermitt; 26; N. McDermitt; 27: Hawks Valley; 28: High Rock; 29, 30, 31: Twenty Mile Creek; 32: Drumhill—Bald Butte; 33: Horsehead–Little Juniper Mountain; 34: Jackass Mountain; 35: Jarbidge; 36: 15–16 Ma rhyolites associated with ore deposits (see text for details). 
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Figure 5. Field relationships and composition of Dooley Mountain rhyolites, the northernmost rhyolite center (after [54]). (A) Rhyolites are divided into 4 compositional groups, R1 through R4; (B) R2 rhyolite overlies R1 rhyolite; (C) Tuff dike with glassy matric and vertically oriented fiammes with a R4 composition cut rhyolite breccia of a R3 rhyolite. 
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Figure 6. Composition of mid Miocene rhyolites of this study, FeO* is total Fe calculated as FeO; number in legend corresponds with location numbers in Figure 4. Rhyolites range from Fe-rich, A-type rhyolites to calcalkaline (Fe-poor, I-type) rhyolites. Line separating Fe-rich from Fe-poor varieties based on the line separating Iceland data from Cascades data taken from [63]. Line separating A-from I-type based on Whalen et al. [64]. Data for age-progressive Snake River Plain rhyolites from [4] are superimposed on lower panel. Calc-alkaline rhyolites mentioned in this paper do not have a direct counterpart in Idaho [42]. MM-TF: Mahogany Mountain–Three Fingers rhyolite field. 
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Figure 7. Map of Buchanan rhyolite complex with distribution of all rhyolite units [54] and new ages of this study, Hess [69], and Wright et al. [68] for age of basalt overlying rhyolites. R is rhyolite units, Ba is basaltic units, and DCT is regional Devine Canyon Tuff. 
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Figure 8. Ages of Dinner Creek Tuff units after [19] and 2 sigma error bars. Solid diamonds for new ages reported here. Two sigma errors of new ages are within symbol size. 
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Figure 9. (A) Geochemical correlation of local basaltic units (Hunter Creek and Birch Creek Basalt) [71] with Grand Ronde Basalt [11] and relationships to locally erupted icelanditic lavas and tuff components; (B) thin section image (plane polarized light) showing commingled, icelandite–rhyolite, components in the Wildcat Creek Tuff [81]; (C) mantle normalized incompatible trace element diagram comparing Grande Ronde Basalt lavas (gray lines; black for average composition) [11] with averages of local Grande Ronde units (solid blue dots for Birch Creek lavas; open blue dot for Hunter Creek Basalt), local icelandite lava (light blue), and icelanditic component of Wildcat Creek Tuff (magenta line). 
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Figure 10. (A) Type section of upper and lower Littlefield Rhyolite (LFR) lava flows along Highway 20 in Malheur Gorge, west of Vale (Figure 3), which reveals an intricate basalt–rhyolite stratigraphy (after [71]). Entire section is 250 m thick. HCB = lavas and tuffs of Hunter Creek Basalt (aka late, or upper Grande Ronde unit). Dinner Creek Tuff Unit 1 and Birch Creek Basalt (aka late, or upper Grande Ronde unit) underlie the lower LFR to the left of outcrop of picture. (B) Area around type section of (A); most of the outcrops in the figure are LFR, and the location of (A) is highlighted by white dashed rectangle. 
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Figure 11. (A–D): Temporal and spatial distribution of rhyolite centers across four time windows; (E) histogram of active centers, north: 43–45o N, south: 41–43o N; and (F) ages of main phase CRBG flood basalt units (cf. [98]). Diagrams show broad distribution of rhyolite centers at the onset of activity from 17.5–16.4 Ma, intense and widespread rhyolite magmatism during 16.3–15.4 Ma across the province, and waning activity from 15.3–14.5 Ma. OR: Oregon, ID: Idaho, NV: Nevada. 
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Figure 12. Inferred flood basalt intrusive focal points based on distribution and ages of rhyolites of Figure 11, see text for discussion and age of main phase CRBG depicted in Figure 11F. (A) Early focal points coeval with early CRB eruptions of PGB, Steens, and lower Imnaha Basalt; (B) main focal points of extensive crustal reservoirs associated with the voluminous Grande Ronde Basalt eruptions and later PGB; (C) crustal reservoirs emplaced during the waning phases of CRB magmatism; (D) known dike swarms and inferred locations of Grande Ronde Basalt reservoirs (gray circles), eruption sites of Hunter Creek Basalt and icelandites (X), and inferred general storage area (dashed oval) of [11] see text for discussion. OR: Oregon, ID: Idaho, NV: Nevada. 
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Figure 13. (A) Columbia River Rhyolites (red) and younger centers discussed in text. Green star indicates activity span of 14.5 to 13.5 Ma for Juniper Mountain rhyolites. Blue stars indicate next-younger eastward rhyolite centers, starting at 12.5 Ma, including (from N to S) Jump-Creek rhyolite and other Idaho Front rhyolites, Jack Creek center, Bruneau-Jarbidge (BJ) center, and Circle Creek rhyolite. No other ages are published for the Owyhee Humboldt volcanic center (OH). Location of Twin Falls (TF), Picabo (P), Heise (H), Yellowstone (Y), and axis of age progressive rhyolite trend (thick dotted line) are from [50]. Extent and location for OH and BJ centers from [83]. Yellow SRP hotspot track is a track that is proposed here (see Section 4). (B): Expanded view with entire hotspot track, location of the Siletzia terrane, and position of ancestral Cascades at 42 and 40 Ma respectively, all taken from [50]. Widespread silicic rocks of the Oligocene John Day Formation (orange) and Oligocene calderas (red) from [96]. Other occurrences of Oligocene silicic rocks show in yellow (e.g., [97] and references therein; [93,94]). 
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Table 2. Summary of duration of activity of rhyolite centers. Dark areas indicate activity of this center in this time slot. Numbers in the brackets refer to the numbers of rhyolite centers of Figure 4.
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Northern Sector (43o–45o N)

This Study

	
Activity Phase, Ma




	
17.5–16.4

	
16.3–15.9

	
15.8–15.4

	
15.3–14.5






	
Dooley Mountain (1)

	

	

	

	




	
Strawberry (2)

	

	

	

	




	
Unity (3)

	

	

	

	




	
Ironside Mtn (4)

	

	

	

	




	
Castle Rock (5)

	

	

	

	




	
Source for Units 3 and 4 of Dinner Creek Tuff (6)

	

	

	

	




	
Lower Littlefield (7)

	

	

	

	




	
Upper Littlefield (8)

	

	

	

	




	
Dry Creek (9)

	

	

	

	




	
Buchanan and Buchanan tuff (10)

	

	

	

	




	
Wildcat Creek tuff source (11)

	

	

	

	




	
Mahogany Mountain—Three Fingers (12)

	

	

	

	




	
Owyhee Dam “Dam” (13)

	

	

	

	




	
Birch Creek (14)

	

	

	

	




	
McCain Creek (15)

	

	

	

	




	
Swamp Creek and Dome E of South Fork (16)

	

	

	

	




	
Craft Point (17)

	

	

	

	




	
Donnelly Butte (18)

	

	

	

	




	
Wagontire Mountain (19)

	

	

	

	




	
Myrtle Creek (20)

	

	
???

	
???

	




	
Literature

	

	

	

	




	
Weiser (21)

	

	

	

	




	
Silver City (22)

	

	

	

	




	
Horsehead and Little Juniper Mountain (33)

	

	

	

	




	
Jackass Butte (34)

	

	

	

	




	
Southern Sector (43o–41o N) Literature

	

	
Activity Phase, Ma

	




	
17.5–16.4

	
16.3–15.9

	
15.8–15.4

	
15.3–14.5




	
Juniper Mountain (23)

	

	

	

	




	
Santa Rocsa—Calico (24)

	

	

	

	




	
McDermitt (proper) (25)

	

	

	

	




	
Whitehorse (McDermitt, N) (26)

	

	

	

	




	
Hawks Valley (27)

	

	

	

	




	
Virgin Valley (28)

	

	

	

	




	
High Rock or Badger Mountain/Hanging Rock (29)

	

	

	

	




	
Cottonwood Creek (30)

	

	

	

	




	
Twelve Mile Creek (31)

	

	

	

	




	
Drumhill and Bald Butte (32)
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