Freshwater plumes and brackish lakes: Integrated microfossil and O-C-Sr isotopic evidence from the 5 Ma Bouse Formation (CA-AZ) support a lake overflow model for the integration of the lower Colorado River corridor 
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SUPPLEMENTAL MATERIAL

OUTCROP DESCRIPTIONS

Northern Bouse Formation, Chemehuevi basin

The northern Bouse Formation studied in the Chemehuevi basin (Fig. S1) consists of, in sequence, a basal ~ 5 cm thick, fissile greenish claystone that directly overlies oxidized gravel, about 6 m of white marl, about 2 m of dense green claystone, a prominent ~6-m-thick sand layer, about 2.5 m of brown, fissile claystone, and finally another 0.6 m of dark brown fissile claystone interbedded with sand (Fig. S1A and S1B). The white marl horizon is likely equivalent to the “marly white limestone” of the “upper subunit” in Metzger’s 1968description of his basal limestone unit (pg. D130). We draw this analogy because Metzger’s “lower” and “middle” limestone subunits contain barnacle remains, whereas barnacles are not mentioned in the description of his “upper subunit”. The Chemehuevi marl horizon shares mildly similar physical characteristics with marl variants 1 and 2 of “Unit 3” of the southern Bouse Formation as described by Homan (2014), although the environment of deposition may have been different. The dense green clay and overlying sediments are equivalent to the interbedded unit of Metzger (1968). A total of thirteen samples were taken from the basal fissile green claystone, the white marl, and the overlying green claystone. The 6-m-thick sand layer was not sampled. The brown fissile claystone horizon above the sand layer was sampled twice; once at the base and once at the top of the horizon. The capping dark brown fissile claystone and sand horizon was not sampled. 

Southern Bouse Formation, Blythe basin, Parker 

The southern Bouse Formation studied at Parker extends along about 40 m of hillslope on the north side of the Colorado River (Fig. 1 of the main text). The Parker site was initially visited in 2013. At that time, about 2 m of the basal carbonate unit and several meters of the interbedded unit were sampled. The basal carbonate unit consists of a 0.7 m-thick, cliff-forming, largely bioclastic and micritic limestone that overlies cross-bedded and oxidized fan gravel. A cross-bedded sand horizon up to ~ 1 m thick separates the bioclastic limestone from an overlying yellowish oxidized marl horizon (Fig. S2A). The yellowish oxidized marl horizon and the sediments exposed on the hillside above it were not the focus of the 2013 visit, so their thickness was not measured. Much of the exposure was covered in colluvium, which made it difficult to clearly see the relationships between the various units. A return visit in 2014 revealed a small arroyo about 40 m to the east that exposed a continuous sedimentary sequence (Fig. S2B). The lower portion of the arroyo exposure comprises about 3 m of oxidized fan gravels and cross-bedded sands. A dense limestone layer about 0.3 m thick capped the oxidized gravel. Roughly 0.6 meters of cross-bedded sands overlies the dense limestone layer. The cross-bedded sand is overlain by about 1.5 m of massive yellowish oxidized marl. The oxidized marl is overlain by several meters of green clay of which the lowest 1.5 m were sampled. The dense limestone layer exposed in the arroyo was traced to the west where it merges with the bioclastic limestone horizon that was visited in 2013. Three samples were taken from this thicker exposure of bioclastic limestone in 2013. A total of 16 and 4 samples were taken from the entirety of the massive yellow marl and from the lowest 1.5 m of the green clay at the arroyo exposure, respectively, in 2014. 

Southern Bouse Formation, Blythe basin, Milpitas Wash

	The southern Bouse Formation at Milpitas Wash (Fig. S3) consists of about 2.7 m of an off-white, cliff-forming, exposure of the uppermost basal carbonate unit. The lower half of the exposure contains four resistant beds separated by thin, finely laminated sediment. Similar resistant beds are absent in the upper half of the exposure. These sediments correspond to marl variants 1 and 2 of Homan’s (2014) “Unit 3”. The contact between the basal carbonate and interbedded units consists of a thin, strongly oxidized layer roughly 2 cm thick. A dense greenish-brown claystone about 10 cm thick immediately overlies the oxidized layer, which in turn is overlain by roughly 10 cm of dense, tan to light brown claystone that displays thin (~ 1 mm scale) laminations. Roughly 6 m of dense green mudstone of the interbedded unit caps the sequence. A total of 18 samples were taken from the basal carbonate unit. The transitional oxidized zone, green-brown claystone, and laminated tan claystone horizons were each sampled once. Six samples were taken from the green claystone of the interbedded unit.

Southern Bouse Formation, Blythe basin, Hart Mine Wash

The base of the southern Bouse Formation at Hart Mine Wash (Fig. S4) consists about 1 m of moderately well sorted oxidized sand that records the first inundation of the landscape (Fig. S5A). A conspicuous cobble lag separates the oxidized sand from overlying carbonate-rich sediments (Fig. S5A). About 25 m of the basal carbonate unit followed by >20 m of the interbedded unit overlie the cobble lag. The basal carbonate unit was sampled from five individual outcrops (A to E; Fig. S4) that are exposed along about 800 m of the southern flank of the wash. We broke the basal carbonate unit out into three distinctive horizons: (1) a cliff-forming combination of a basal bedded carbonate and an overlying bioclastic- grainstone horizon (~ 5 m cumulative thickness) that displays abundant evidence of soft-sediment deformation (Fig. S5B), (2) a slope-forming, mostly massive greyish white marl horizon (up to ~ 10 m thick) that likely represents suspension settling under deeper or calmer water conditions (Fig. S5C and S5D), and (3) a cliff-forming, iron-oxide stained, alternatingly massive and very thinly bedded, marl and clayey marl horizon (~4 m thick) that may represent even deeper water conditions (Fig. S5E). The cliff forming horizon corresponds to “Unit 2” or the “bioclastic limestone” lithofacies of Homan (2014). The slope forming greyish white marl likely corresponds to marl variants 1 and 2 and the oxidized marl corresponds to marl variant 3 of Homan’s (2014) “Unit 3”. The middle part of the white marl horizon is not well exposed at Hart Mine Wash; much of it is buried under colluvium. A laterally continuous distinctive clay layer (DCL; Figs. S5E and S5F) that is easily traceable between Outcrop D and Outcrop E separates the basal carbonate unit from the overlying interbedded unit (see discussion in Bright et al., 2016). Above the DCL, the interbedded unit can be subdivided into a lower transitional horizon of alternating claystone and marl horizons of variable thickness (Bright et al., 2016) that is overlain by 2-3 m of green claystone (Bright et al., 2016).  Roughly 20 m of reddish claystone, siltstone, and fine sands caps the sequence (Bright et al., 2016). A total of 66 samples were taken from the Hart Mine Wash section, from the bottom of the basal carbonate unit to the base of the green clays of the interbedded unit at Outcrop D. Outcrop E was sampled previously and the results of those analyses are presented and discussed in Bright et al. (2016). Outcrop E through the base of the red clays and siltstone is incorporated into the composite stratigraphic section here (Fig. 5 of the main text) for completeness. New results from 18O and 13C analyses of foraminifer tests from Outcrop E are presented in this paper. Samples of fish bone (n = 9), ostracode calcite (n = 2), and micrite (n = 5) from the oxidized marl horizon and the overlying transitional marl-claystone horizon at Outcrops D and E were analyzed for their 87Sr/86Sr ratios (Fig. 5 of the main text). 

Southern Bouse Formation, Blythe basin, Marl Wash

The stratigraphy of the southern Bouse Formation exposed at the Marl Wash locality (Fig. S6), located roughly 3.4 km south of Hart Mine Wash, is generally similar to what is exposed in Hart Mine Wash. The primary differences are a cross-bedded cobble and gravel horizon at the bottom of the sequence and the truncation of the interbedded unit at the top of the sequence (Fig. 6 of the main text). Eight spot samples were collected from throughout the sequence (Fig. 6 of the main text). The primary focus of the sampling scheme was to analyze the lower bedded carbonate interval (Fig. S7A) for microfossils in order to augment data collected from the Hart Mine Wash section, but other lithologically distinct horizons were also targeted (Fig. 6 of the main text). We targeted the lower bedded carbonate horizon in Marl Wash because it is stratigraphically equivalent to the lowest laminated sediments exposed at Outcrop A in Hart Mine Wash . A ninth spot sample was collected several hundred meters to the west of the main sampling transect  (Fig. S6). This sample was taken just above the contact between underlying oxidized sands and the basal carbonate unit (Fig. S7B). Eight of the nine samples were analyzed for their microfossil content. One microfossil sample from a coarse sandy interval at the top of the section (Fig. 6 of the main text) was not analyzed.

Barnacle collection sites

Five locations in the Blythe basin were sampled for barnacle fragments (Fig. S8).  Two samples were located on the western side of the basin near the Palo Verde Mountains and three sites were located on the eastern side of the basin in the vicinity of upper Hart Mine Wash.  A sample of modern barnacle shells collected from the shore of the Salton Sea (Fig. 1 of the main text) and previously unpublished stable isotope data from modern barnacles that grew in the lower intertidal zone in Estero Chayo, Isla Montague (31.6703° N, 114.6902° W), located at the mouth of the Colorado River estuary at the northern end of the Gulf of California, were collected by D. Dettman. 



Palo Verde Mountains

Sample “PVc” (Figs. S8 and S9A) was collected on the southern flank of Palo Verde Mountains (33.29524° N, 114.79090° W, 170 masl) where several meters of laminated carbonate overlain by several meters of bioclastic-rich carbonate are exposed. The sample consisted of a large piece of bioclastic carbonate with clearly visible shell fragments. 
	Sample “PV6” (Figs. S8 and S9B) was collected on the eastern flank of the Palo Verde Mountains (33.30035° N, 114.76010° W, 124 masl) where an exposure of conspicuous bulbous tufa is exposed against bedrock in small drainage. The sample consisted of loose, barnacle-rich, sandy material that was capped by tufa. 

Hart Mine Wash

Sample “HM120” (Figs. S8 and S9C) was collected from the top of a large hill near the head of Hart Mine Wash (33.28535° N, 114.62225° W, 171 masl) where tufa encrusted rocks are overlain by barnacle-rich bioclastic sediments, which in turn are overlain by soft white carbonate that contains abundant barnacle fragments. The sample was taken from the soft carbonate. 
	Samples “HM123”, “HM124”, “HM125”, and “HM126” (Figs. S8 and S9D) were collected in a small drainage that runs parallel to Hart Mine Wash (33.28962° N, 114.63243° W, 112 masl) where a critical exposure of barnacle and oncoid grainstone contains a single horizon of sigmoidal bedding interpreted by O’Connell et al. (2017) to be a diagnostically marine spring-to-neap tidal bundle. Samples HM123 and HM124 were collected below and above the sigmoidal bedding, respectively. Samples HM125 and HM126 were collected above the sigmoidal bedding interval and bracketed the bottom and top, respectively, of another interval of cross-bedded barnacle and oncoid grainstone. Care was taken to sample along bedding planes away from the most obvious sigmoidal and cross-bedded structures to avoid damaging them.
	Samples “HM109”, “HM111”, and “HM113” (Fig. S8) were collected from a roughly 4-m-tall cliff of basal carbonate unit that is exposed in the southern flank of Hart Mine Wash (33.2930° N 114.6263° W) (Fig. S5B). Samples HM109 and HM111 were respectively collected at the base of and within a prominent ledge of barnacle-rich sediments located about mid-face of the lower bedded limestone horizon (Fig. S5B). Sample HM113 was collected roughly one meter higher in the face, within a contorted bed of oncoid grainstone (Fig. S5B). 
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SUPPLEMENTAL MATERIAL FIGURE CAPTIONS

Supplemental Figure 1. Northern Bouse Formation in Chemehuevi basin. A. Photograph of the lower section where Miocene sand and gravel is overlain by a thin, finely laminated green claystone that in turn is overlain by approximately 2 m of cliff-forming white marl. Rock hammer for scale. B. Photograph of the upper section where badland-forming white marl is sequentially overlain by approximately 2 m of green claystone, approximately 6 m of sand, and about 3 m of fissile brown claystone. Backpack in near foreground for scale. 

Supplemental Figure 2. Southern Bouse Formation near Parker, AZ, Blythe basin. A. Photograph of the outcrop visited in 2013 showing Miocene gravel overlain by about 0.7 m of bioclastic limestone that is overlain by about 1 m of cross-bedded sand, than in turn is overlain by several meters (undetermined) of colluvium-covered soft marl. Figures for scale. B. Photograph of the outcrop visited in 2014 showing more complete exposed section. Miocene gravel is overlain by a thinner bioclastic limestone horizon that is overlain by approximately 1.5 m of yellowish marl. The marl is overlain by an undetermined thickness of dense green claystone. Backpack above Miocene gravel for scale.

Supplemental Figure 3. Photograph of the top of the basal carbonate unit (marl) and the bottom of the interbedded unit (green claystone) exposed in Milpitas Wash. Figure for scale. 

Supplemental Figure 4. Google Earth image showing locations of five southern Bouse Formation outcrops along Hart Mine Wash. Outcrops A and D roughly correspond to Stratigraphic Panels A11 and A15, respectively, in Homan (2014). Outcrop E is featured in Bright et al. (2016). Black diamonds with numbers correspond to samples detailed in the Supplemental Tables.

[bookmark: _GoBack]Supplemental Figure 5. Southern Bouse Formation along Hart Mine Wash. A. Photograph detailing the relationship between Miocene gravels, overlying water-worked oxidized sand, a distinctive cobble lag interpreted as a ravinement surface by O’Connell et al. (2017), and bedded limestone at the bottom of the basal carbonate unit. This outcrop was not sampled and is not shown in Figure S4, but is located about 150 m east of Outcrop A. This outcrop is approximately 4 m thick. B. Photograph of Outcrop A (Fig. S4) showing bedded limestone and overlying deformed oncoid grainstone. Backpack for scale. C. Photograph of Outcrop B (Fig. S4) showing exposure of lower soft white marl that overlies the bedded limestone and oncoid grainstone in Fig. S5B. Outcrop of white marl is approximately 2.5 m thick. D. Photograph of Outcrop C (Fig. S4) showing upper soft white marl and the bottom of the overlying oxidized marl horizon. Rock hammer low in the section for scale. E. Photograph of Outcrop D (Fig. S4) showing in succession the top of the upper white marl, a full exposure of oxidized marl, the distinctive clay layer (DCL), about 0.7 m of transitional marl, green claystone, and finally, red claystone and silt stone. Backpack for scale. The transitional marl and overlying claystones comprise the interbedded unit. F. Photograph showing the details of the DCL at Outcrop D (Fig. S4). Mechanical pencil is about 15 cm long. The oxidized silt horizon pinches out to the west and is virtually absent at Outcrop E (Fig. S4). The DCL can be traced continuously to Outcrop E.

Supplemental Figure 6. Google Earth image of microfossil sampling locations in Marl Wash. Sediments sampled at sites 4 through 14 roughly correspond to Section A20a through A20d in Homan (2014).

Supplemental Figure 7. Southern Bouse Formation at Marl Wash. A. Photograph highlighting the lower bedded limestone horizon and overlying oncoid grainstone horizon, similar to what is preserved at Hart Mine Wash  (Fig. S5B). Rock hammer for scale. Overlying soft marl and claystone sediments are exposed along the left (northern) flank of the small hill in the background. Bedded limestone sediments here disaggregated more readily than from Hart Mine Wash and allow for more thorough microfossil analyses through the bedded limestone horizon. B. Photograph of the contact between Miocene sand and gravel and the overlying bedded limestone at the base of the basal carbonate unit. Backpack for scale.  Microfossil sample was taken right at the contact. 

Supplemental Figure 8. Google Earth image showing barnacle sampling locations in the southern Blythe basin. Meandering green lines of vegetation border the southward flowing Colorado River. Symbols and respective colors correspond to Figure 10 in the main text. Locations starting with PV and HM are featured in this paper. Locations 1 and 2 are featured in Roskowski et al. (2010) and Location 3 is featured in Crossey et al. (2015). 
Supplemental Figure 9. Southern Bouse Formation barnacle collection sites. A. Photograph of bedded limestone and grainstone on the southern flank of the Palo Verde Mountains. Car for scale. Sample was collected from the lighter colored limestone disturbed by bulldozer cuts in the middle foreground. Site corresponds to “PVc” in Figure S8 and in Figure 10 of the main text. B. Photograph of barnacle-rich sandy material interbedded with tufa. Figure for scale. Sample was taken from the bedded sandy sediments above the tufa layer the figure is pointing at. Site corresponds to “PV6” in Figure S8 and in Figure 10 of the main text. C. Photograph of barnacle-rich soft white marl near the head of Hart Mine Wash. Sample was taken from the ledgy soft white marl at the field notebook. Site corresponds to “HM-120” in Figure S8 and in Figure 10 of the main text. D. Photograph of barnacle oncoid grainstone featuring sigmoidal cross bedding. Location is featured in O’Connell et al. (2017). Green tennis balls show rough horizons sampled in this study. Tennis balls correspond to samples HM123 to HM126 (in ascending order) in Figure S8 and in Figure 10 of the main text. Backpack and field notebook for scale.
