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Abstract: The Colorado River has flowed across the dextral strike-slip plate boundary between the
North American and Pacific plates since the latest Miocene or earliest Pliocene. The Fish Creek-
Vallecito Basin (FCVB) lies on the Pacific Plate in southern California, dextrally offset from the
point where the modern Colorado river enters the Salton Trough; it contains a record of ancestral
Colorado River sedimentation from 5.3–2.5 Ma. The basin stratigraphy exhibits a changing balance
between locally derived (L-Suite) and Colorado River (C-Suite) sediments. This paper focuses on the
Palm Springs Group (PSG), a thick fluvial and alluvial sequence deposited on the upper delta plain
(between 4.2–2.5 Ma) when the Colorado was active in the area, allowing the detailed examination
of the processes of sediment mixing from two distinct provenance areas. The PSG consists of three
coeval formations: 1) Canebrake Conglomerate, a basin margin that has coarse alluvial fan deposits
derived from surrounding igneous basement; 2) Olla Formation, fan-fringe sandstones containing
L-Suite, C-Suite, and mixed units; and 3) Arroyo Diablo Formation, mineralogically mature C-Suite
sandstones. Stratigraphic analysis demonstrates that the river flowed through a landscape with relief
up to 2000 m. Satellite mapping and detailed logging reveal a variable balance between the two suites
in the Olla Formation with an apparent upward increase in L-Suite units before abrupt cessation
of Colorado sedimentation in the basin. Stable heavy mineral indices differentiate L-Suite (high
rutile:zircon index: RZi 40–95) from C-Suite (RZi: 0–20). Both suites have garnet:zircon index (GZi)
and apatite:tourmaline index (ATi) mostly above 50, although many L-suite and mixed Olla samples
have much lower ATi (20–50), suggesting that the distal floodplain was wet and the local sediment
had a longer residence time there, or went through several cycles of erosion and redeposition. Heavy
mineral analysis, garnet geochemical analysis, and detrital zircon U-Pb age spectra allow us to
quantify the amount of mixing from different sediment sources. These data show that about 30%
of the mixed units are derived from the Colorado River and that up to 20% of the L-Suite is also
derived from the Colorado River, suggesting that there was mutual cannibalisation of older deposits
by fluvial channels in a transitional area at the basin margin. Although this study is local in scope,
it provides an insight into the extent and nature of sediment mixing in a two-source system. We
conclude that most ‘mixing’ is actually interbedding from separate sources; true mixing is facilitated
by low subsidence rates and the rapid migration of fluvial channels.

Keywords: sediment flux; axial and lateral supply; California; Colorado River; heavy minerals;
palaeotopography

1. Introduction

The Fish Creek-Vallecito Basin (FCVB) lies on the Pacific Plate in southern California,
southwest of the Salton Sea (Figure 1A). The basin is dextrally offset by the San Andreas
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fault from the point where the modern Colorado River enters the Salton Trough [1]. In the
latest Miocene and Early Pliocene, the FCVB was located directly west of this entry point [2].
Because of this, the basin contains the most complete record of early ancestral Colorado
River sedimentation anywhere in California [3–9]. This sedimentary record is important for
the geological history of the western cordillera, representing the first sedimentation from
the elevated Colorado Plateau to reach the Pacific margin [2,10]. The FCVB also holds one
of the richest, most varied fossil records of the past 7 Ma in North America [11]. Globally,
the basin is significant as a record of one of the very few great rivers to deposit its delta
across a strike-slip plate boundary, along with the Orinoco [12] and the Amur [13,14]; it is
also unique in that the delta is partly deposited across a spreading ridge [15].
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Figure 1. (A) regional tectonic elements map (after Dorsey et al. [8]) showing locations of major 
faults of the North America-Pacific (NAM:PAC) plate boundary system in the northern Gulf of Cal-
ifornia and the Salton Trough (ST). Orange colour shows extent of modern Colorado sands in the 
Salton Trough; star shows location of the Fish Creek-Vallecito Basin (FCVB). (B) Geological map of 
the FCVB (after Dorsey et al. [8,16]) showing the stratigraphic relationship of the Olla Formation to 
the Arroyo Diablo and Canebrake formations. Note the small outcrop of Olla Formation in the west-
ern Coyote Mountains. EF—Elsinore Fault; FCM—Fish Creek Mountains; FCMF—Fish Creek 
Mountain Fault; SMG—Split Mountain Gorge; TBM—Tierra Blanca Mountains; VM—Vallecito 
Mountains; WP—Whale Peak. 

The Colorado deposited a large delta in the FCVB, starting at either 5.3 Ma [8] or 4.8–
4.63 Ma [17]; the timing is disputed (see discussion by Dorsey et al. [18] and the reply from 
Crow et al. [19]). Colorado River sedimentation ended in the basin 2.3 Ma ago [8]. The 
stratigraphic record of the basin gives a complete history of the basin from the Miocene, 
with locally derived sedimentation Split Mountain Group, through the arrival of Colorado 

Figure 1. (A) regional tectonic elements map (after Dorsey et al. [8]) showing locations of major faults
of the North America-Pacific (NAM:PAC) plate boundary system in the northern Gulf of California
and the Salton Trough (ST). Orange colour shows extent of modern Colorado sands in the Salton
Trough; star shows location of the Fish Creek-Vallecito Basin (FCVB). (B) Geological map of the
FCVB (after Dorsey et al. [8,16]) showing the stratigraphic relationship of the Olla Formation to the
Arroyo Diablo and Canebrake formations. Note the small outcrop of Olla Formation in the western
Coyote Mountains. EF—Elsinore Fault; FCM—Fish Creek Mountains; FCMF—Fish Creek Mountain
Fault; SMG—Split Mountain Gorge; TBM—Tierra Blanca Mountains; VM—Vallecito Mountains;
WP—Whale Peak.

The Colorado deposited a large delta in the FCVB, starting at either 5.3 Ma [8] or
4.8–4.63 Ma [17]; the timing is disputed (see discussion by Dorsey et al. [18] and the reply
from Crow et al. [19]). Colorado River sedimentation ended in the basin 2.3 Ma ago [8]. The
stratigraphic record of the basin gives a complete history of the basin from the Miocene,
with locally derived sedimentation Split Mountain Group, through the arrival of Colorado
sands and the deposition of a substantial prodelta, delta slope, and lower delta plain
(Imperial Group), followed by a thick fluvial and alluvial sequence deposited on the upper
delta plain (Palm Springs Group); this history is summarised in Table 1.



Geosciences 2023, 13, 45 3 of 27

Table 1. Summary of FCVB stratigraphy from various sources, principally [8] (see text); formations of interest are highlighted. The highlighted section represents the
stratigraphy relevant to this study.

Group Formation Member Thickness (m) Age (Ma) Lithology Interpretation Notes

Pleistocene not
assigned to a group

Mesa > 100 0.126–0 Gravels Fluvial All locally derived

Bow Willow Beds 5–30 0.9–0.126 Sst, conglom., & minor lst. Fluvial and lacustrine Locally derived;
abundant paleosols

Palm Springs

Hueso Fanning-dip
Interval (200 m) 52 2.8–0.9 Sandstone Fluvial

For a discussion of the
Fanning-dip Interval, see

Dorsey et al. [16].

Tapiado 375 2.8–2.0 Mudstone Lacustrine Contains tuffs

Diablo
2520 4.2–2.8 Sandstone Fluvial—delta plain Colorado River provenance

Olla Colorado & local provenance

Canebrake c. 2700 c. 4.3–2.0 Conglomerate Alluvial fan Local derivation

Imperial

Deguynos

Camel’s Head 325 4.2–4.09
Mudstone & sandstone

Prograding
delta front

Mixed provenance
Yuha 350 4.49–4.2

Mud Hills 400 5.1–4.49 Mudstone Prodelta Contains shell coquinas

Latrania

Wind Caves 150 5.33 or 4.8 Sandstone Turbidites First Colorado sands

Upper Megabreccia 0–50 5.4 Breccia Mass flow Instantaneous event

Lycium 140 6.27–5.4 Sandstone & mudstone Turbidites Local provenance

Fish Creek Gypsum 0->65 Gypsum Marginal marine Adjacent to FCVB to north

Split Mountain (age
ranges extrapolated

from modelled
sedimentation rates)

Lower Megabreccia
Split Mountain

500

c. 6.4 Breccia Subaerial rock
avalanche

Instantaneous event
Red & Grey

Elephant Trees
Conglomerate

8.0–6.4 Sandstone & conglomerate Alluvial fan & fluvial
Local provenance; bed

thickness variable (0–200 m)Lower Tan Sst.

Alverson Andesite 22–14 Olivine basalt and andesite Extension 0–120 m thick in FCVB area
(Woodard 1974)

Red Rock >22 Pebbly Sst. ?Fluvial
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In this paper, we use field observations and the techniques of stratigraphic analysis
and heavy mineral analysis (HMA) to understand the provenance of the fluvial unit
(Palm Springs Group) defined by Dibblee [3] and Winker [20], concentrating on the lower
part of the group. This comprises three coevally deposited formations: the Canebrake
Conglomerate Formation on the basin margin, the Arroyo Diablo Formation covering most
of the basin, and the Olla Formation which lies between the other two units and shares
some of the characteristics of each. The sediments overlying these three formations (Hueso
and Tapiado formations) represent the time when the Colorado delta migrated farther
south, and Colorado sedimentation ceased in the FCVB.

The changing relationship of the Olla Formation with the other formations of the Palm
Springs Group is important in understanding the behaviour of the Colorado River through
time. This formation varies in outcrop width and provenance, allowing us to assess changes
in the sediment flux to the basin, which was controlled by both the Colorado River and
local influences.

The FCVB forms a beautifully exposed natural laboratory for studying the balance
between a far-field-supplied (extrabasinal) sediment routing system [21] and local intra- and
peri-basinal sources. In this paper, we explore the recognition of multiple provenances, the
style of interbedding and mixing, the evolution of the multiply supplied system through
time, and a discussion of climatic, sedimentological, paleotopographical, and tectonic
controls on sedimentation.

The study is also important for determining whether the bed-load of tributary rivers
can become mixed with that of the trunk stream, as in the case of the Rhine system [22];
whether they stay distinct, with the trunk stream delivering material to its delta without
significant additions from tributaries, as is the case for the Amur River of NE Asia [23]; or
whether it is somewhere in between these end members.

2. Geological Background

The Fish Creek-Vallecito Basin lies in the hanging wall of the West Salton Detachment
Fault (WSDF), a low-angle extensional detachment which trends roughly SSE-NNW, with
a downthrow towards the east (Figure 1B; [24,25]). The WSDF is one of a family of oblique
extensional faults that formed as a result of the Miocene opening of the Gulf of California [1].
Flooding of the northernmost 500 km, including the FCVB, had occurred by c. 6.3 Ma [26].
The basin lies between the Elsinore and San Felipe faults, both dextral strike-slip faults,
west of and sub-parallel to the San Andreas Fault. The WSDF is offset dextrally by the San
Felipe Fault and continues north to the San Jacinto Fault Zone [27].

The basin is oriented NW–SE and has the form of a complex plunging monocline
(Figure 1B) with a general SW-directed dip of 25–30◦; the northern and southern ends are
folded with plunges directed to the NW.

Elements of the basin fill are unconformable on the basement in the Vallecito Moun-
tains (NW), the Fish Creek Mountains (N), and the Coyote Mountains (SE). The stratigraphy
of the basin (Figure 2 and Table 1) spans the Miocene to the Early Pleistocene [1,6,8,18,27].
The basin fill has been divided into three major lithostratigraphic groups (Table 1).

2.1. Split Mountain Group

The Split Mountain Group consists of a sequence of immature clastic sediments de-
posited in a subaerial environment overlying Cretaceous granitoids and pre-Cretaceous
metamorphic rocks. The unconformity defines significant irregular topography and sedi-
ments were derived locally with deposition in alluvial fans, braided streams, debris flows
and very large rock avalanches, including alluvial and fluvial conglomerates and sand-
stones of the Red Rock and Elephant Trees formations. This sequence also includes the
Alverson Formation volcanics [28] and the Lower Megabreccia of variable thickness [8],
interpreted as a subaerial Sturztrom deposit. The volcanics and the Megabreccia indicate
that the northern Gulf of California was tectonically active at the time, with elements of
both strike-slip faulting and extension [1,26,29,30].
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Figure 2. Stratigraphic cartoon showing a dip-normal view of the stratigraphic relationship of sedi-
mentary formations to each other and to the basement topography, which exceeds 2 km thickness in
the hangingwall of the WSDF. Note that the hangingwall topography was not completely overtopped
until Olla/Arroyo Diablo times and the footwall topography persisted throughout the sedimentation
history of the basin.

2.2. Imperial Group

The Imperial Group (Upper Miocene-Pliocene) comprises marine sandstone and
mudstone deposited in a prodelta setting with about 150 m of L-Suite turbidites at the
base. Above these, there is a rapid transition to C-Suite turbidites, indicating the Colorado-
derived sediment flux overwhelms that of local sources [2,6]. C-Suite sands dominate the
rest of this group, although L-Suite beds are occasionally present.

2.3. Palm Springs Group

The Palm Springs Group (Pliocene-Pleistocene) records fluvial sedimentation in the
ancestral Colorado River (4.3–2.8 Ma) up to the abandonment of this pathway and replace-
ment by locally derived streams (2.8–0.9 Ma). The persistence of local sediment supply
(L Suite; arkosic) and Colorado River supply (C Suite; quartzose) is well known [6,20,31,32].
Not only are the two suites easy to distinguish in the field using hand specimens, but
there is a clear petrographic distinction [6]. The Hueso and Tapiado formations contain no
Colorado material, but the three lowest formations are coeval, and two of them contain
abundant Colorado sand; these three constituent formations of the group are distinguished
by composition and facies:

• The Canebrake Conglomerate Formation mantles the whole of the western basin
margin, unconformably overlying Cretaceous basement and in contact with footwall
basement in the hanging wall of the WSDF. It comprises locally derived, coarse-grained
alluvial fan deposits. These local deposits (L-suite of Winker & Kidwell [6]) have a clear
provenance in the surrounding diorite and granodiorite basement [33]. It interfingers
with the Olla Formation to the southeast in a relatively narrow transition zone;

• The fluvial Olla Formation has both L-suite and C-suite units, interbedded on a scale
of metres to tens of metres;

• The fluvial Arroyo Diablo Formation interfingers with the Olla Formation in the NW;
it also is composed of mineralogically mature, pale yellowish buff, well-sorted, fine-
medium sandstones with a heavy mineral composition very similar to that of the
modern Colorado River [9]. They are thought to have a Colorado River provenance
and have been defined as the C-suite by Winker & Kidwell [6].



Geosciences 2023, 13, 45 6 of 27

The sedimentology of the FCVB has been well-described [6,20,32], and there is an excel-
lent chronostratigraphic framework [8] with more recent modifications by Crow et al. [17].
The stratigraphy and depositional environments of the basin are summarised in Table 1.
The delta plain sedimentation was studied by Winker [20], who drew a very clear distinc-
tion between the Arroyo Diablo and Olla “members” (now formations). He described the
Arroyo Diablo as homogeneous across the basin, comprising yellowish-buff, friable, well-
sorted, C-Suite sandstones in metre-scale units up to 10 m thick with thinner interbedded
units of reddish-brown mudstone. Detailed logs show that sand units are cross-bedded
or cross-laminated, with planar and convolute bedding also commonly observed. He
described 5–10 m scale fining upward units with sharp erosive bases. There are some
interbedded L-Suite units, particularly in the area of Fish Creek Wash. The Olla Formation
is described as interbedded C- and L-Suite units; the C-Suite beds were near-identical to
the Arroyo Diablo, although the bases of upward fining cycles were more likely to contain
L-Suite material. L-Suite units in the Olla are greenish grey and better cemented than the
C-Suite units; they are dominated by low angle cross-beds, ripple cross lamination, and
scour-and-fill structures. Winker went on to say that “The lateral boundary between the Olla
and Diablo members [sic] is intergradational and difficult to define precisely”, but also stated that
the definition of the Olla Formation is the presence of at least 20% ‘L-suite’ sandstone and
siltstone beds. He favoured deposition in a meandering river system but did not discount
the possibility of a high bed-load braided system.

The transition zone between the Olla and Arroyo Diablo formations has never been
rigorously defined and may have relevance to other areas. The boundary between the
two formations is generally shown as a zigzag line on both maps and logs, indicating
interfingering of the two units [3,16]. Previous studies in the FCVB have shown that there
is a clear petrographic and textural difference between locally derived sediments and those
from the Colorado River [6]. This is also evident from heavy mineral studies, particularly
from stable mineral assemblages [9] and from detrital zircons [7,9]. These data have been
interpreted to show progressive erosion of the Colorado Plateau since the Miocene.

3. Methodology
3.1. Field Work and Remote Observation

The results presented here are based on five field seasons from 1996–2011. Field work
concentrated on the section through Split Mountain Gorge and along Fish Creek Wash to
the lower boundary of the Hueso Formation. Observations were also made on the NW
flank of the Coyote Mountains. Detailed sedimentological logs were measured throughout
the basin [33,34], but in this paper, we focus on the 34 sections in the vicinity of the Olla-
Arroyo Diablo transition zone (Figure 3; Table 2). These logs record grain size, sedimentary
structures, and any local thickness changes. Samples (minimum 500 g) were collected from
these sections and also from individual localities close to the basin margin for petrographic,
heavy mineral, and single grain geochemical and isotope analyses. Sampling was carried
out to target both C- and L-suites, as defined by Winker [20], as well as paler yellow-green
units, which may be a mixture of the two provenances.

The correlation of measured sections and recognition of bed thickness variation was
facilitated using Google Earth, where the distinction between C- and L-suites is quite clear.
The tilt function was used to study down-dip views of sections of the Olla/Arroyo Diablo
stratigraphy and across the transition zone between the two formations. Google Earth was
also used to study the onlap relations of the basin fill to basement in the Vallecito, Fish
Creek, and Coyote mountains.

3.2. Heavy Mineral Analysis

Heavy mineral analysis allows for a detailed insight into the provenance history of the
basin. This technique has been used as a tool for provenance studies since Thürach [35] and
was applied successfully throughout the first half of the 20th Century [36–39]. More recent
studies have developed a systematic methodology based on an inclusive understanding
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of sedimentary and diagenetic processes and how they can impact on a heavy mineral
provenance signature [40–42].
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Google Earth image overlain by geological elements—the axial trace of the Fish Creek Anticline
(red), the approximate location of the transition zone between the Olla and Arroyo Diablo formations
(yellow), and the approximate location of the boundary between the Arroyo Diablo Formation and
the Camels Head Member (blue). Note the distinction between green L-suite beds and buff C-suite
units which is very clear on the SW limb of the Fish Creek Anticline.

Samples collected at the outcrop were disaggregated using a sonic bath and sieved,
with the 125–63 µm fraction retained for further processing. This grain size fraction was
selected in order to minimize the effects of hydraulic sorting. The heavy mineral component
was separated from this dried fraction using bromoform (SG: 2.89) to remove the light
(quartzo-feldspathic) minerals. The heavy fraction was collected in filter paper funnel,
dried, and mounted evenly onto a glass slide using Canada balsam (refractive index 1.5).
Samples were analysed based on the ribbon counting method of Mange and Maurer [43].
Grain counting provides an overview of the heavy mineral assemblages. Ratios of stable
mineral pairs were then calculated in order to reduce the effects of hydrodynamic properties
on some of the heavy mineral population [44] and the effects of burial diagenesis [44,45].
Based on the results of the preliminary count, certain mineral species were identified for
further analysis. The varietal techniques used here were: garnet geochemistry [46] and
detrital zircon U-Pb dating [47,48]. Individual mineral grains to be studied using these
methodologies were picked from a portion of the heavy mineral residue and placed on a
dry thin section, using a microscope for identification and a pin for separation. The garnets
and zircons selected were placed on double-sided tape, mounted on separate slides for
analysis: 65 grains per sample for garnet analysis and 150 zircon grains per sample for
detrital zircon dating. These numbers are standard for these types of analysis and are
sufficient to cover all compositions and age ranges.
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Table 2. Aggregate thickness and percentage of each facies in each section; last column shows percentage of C Suite sand as a percentage of total sand. Yellow text
highlight represents C-suite and green text highlight represents L-suite.

Section #
(Figures
4 and 6)

Aggregate Thicknesses for Each Section (m) Percentages of Each Facies by Section C Suite as
a % Total

Sand
Section
Length

Buff sst
(C Suite)

Green sst
(L Suite)

Green sst
& silt (L)

Mixed
(L & C) Siltsone Red

Mudstone
Buff sst

(C Suite)
Green sst
(L Suite)

Green sst
& Silt (L)

Mixed
(L & C) Siltsone Red

Mudstone

1 46.26 16.83 7.58 11.96 0.00 0.61 9.29 36.40 16.40 25.90 0.00 1.30 20.10 46

2 11.82 2.28 0.00 0.00 4.81 2.06 2.67 19.30 0.00 0.00 40.70 17.40 22.60 32

3 10.30 1.52 5.05 0.00 2.02 0.61 1.11 14.80 49.00 0.00 19.60 5.90 10.80 18

4 7.98 1.47 0.00 2.46 0.00 0.00 4.04 18.40 0.00 30.80 0.00 0.00 50.60 37

5 7.07 2.12 0.00 3.13 0.00 0.00 1.82 30.00 0.00 44.30 0.00 0.00 25.70 40

6 & 7 13.64 6.20 4.04 0.61 0.00 1.49 1.29 45.50 29.60 4.50 0.00 10.90 9.50 57

8 16.16 7.25 2.63 1.82 0.00 0.10 4.36 44.90 16.30 11.30 0.00 0.60 27.00 62

9 9.39 5.84 0.00 2.02 0.00 0.00 1.54 62.20 0.00 21.50 0.00 0.00 16.40 74

10 11.52 5.56 0.00 3.64 0.00 0.40 1.92 48.30 0.00 31.60 0.00 3.50 16.70 60

11 15.56 5.76 1.31 3.33 0.00 0.51 4.65 37.00 8.40 21.40 0.00 3.30 29.90 55

12 9.70 4.55 1.27 0.81 0.00 0.00 3.07 46.90 13.10 8.40 0.00 0.00 31.60 69

13 4.24 2.32 0.00 0.61 0.00 0.91 0.40 54.70 0.00 14.40 0.00 21.50 9.40 79

14 11.60 8.36 0.00 2.22 0.00 0.00 1.01 72.10 0.00 19.10 0.00 0.00 8.70 79

15 & 16 6.67 1.82 3.33 0.00 0.00 1.01 0.51 27.30 49.90 0.00 0.00 15.10 7.60 35

17 32.42 23.35 2.71 4.55 0.00 0.30 1.52 72.00 8.40 14.00 0.00 0.90 4.70 76

18B 43.43 34.24 0.00 0.61 3.74 2.63 2.22 78.80 0.00 1.40 8.60 6.10 5.10 89

19 19.60 5.90 7.33 0.00 0.00 4.55 1.82 30.10 37.40 0.00 0.00 23.20 9.30 45

20 11.72 1.52 0.40 0.00 4.95 2.42 2.42 13.00 3.40 0.00 42.20 20.60 20.60 22

21A 38.99 15.05 9.60 1.62 1.52 11.21 0.00 38.60 24.60 4.20 3.90 28.80 0.00 54

21B 26.87 6.40 2.12 14.34 2.42 0.00 1.58 23.80 7.90 53.40 9.00 0.00 5.90 25

22 16.16 6.18 0.00 5.76 3.58 0.65 0.00 38.20 0.00 35.60 22.20 4.00 0.00 40

23 19.80 7.68 0.00 5.25 1.31 4.75 0.81 38.80 0.00 26.50 6.60 24.00 4.10 54

24 32.32 15.90 0.00 0.00 5.21 11.11 0.10 49.20 0.00 0.00 16.10 34.40 0.30 75
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Table 2. Cont.

Section #
(Figures
4 and 6)

Aggregate Thicknesses for Each Section (m) Percentages of Each Facies by Section C Suite as
a % Total

Sand
Section
Length

Buff sst
(C Suite)

Green sst
(L Suite)

Green sst
& silt (L)

Mixed
(L & C) Siltsone Red

Mudstone
Buff sst

(C Suite)
Green sst
(L Suite)

Green sst
& Silt (L)

Mixed
(L & C) Siltsone Red

Mudstone

25 39.39 10.63 8.99 1.01 7.47 9.31 1.98 27.00 22.80 2.60 19.00 23.60 5.00 38

26 11.01 10.30 0.00 0.00 0.00 0.00 0.71 93.60 0.00 0.00 0.00 0.00 6.40 100

27 22.83 17.37 0.61 0.00 0.00 1.72 3.13 76.10 2.70 0.00 0.00 7.50 13.70 97

30 24.95 11.74 1.33 0.00 3.94 1.92 6.02 47.10 5.30 0.00 15.80 7.70 24.10 69

31 10.61 5.25 1.41 0.00 0.00 0.10 3.84 49.50 13.30 0.00 0.00 0.90 36.20 79

32 10.71 6.67 0.71 0.00 0.00 0.61 2.73 62.30 6.60 0.00 0.00 5.70 25.50 90

33 21.62 14.71 0.65 0.00 2.12 0.81 3.33 68.00 3.00 0.00 9.80 3.70 15.40 84

34 21.41 17.90 0.00 0.20 1.35 0.61 1.35 83.60 0.00 0.90 6.30 2.80 6.30 92

35 42.83 32.36 0.00 0.20 4.34 0.87 5.05 75.60 0.00 0.50 10.10 2.00 11.80 88

36 19.39 15.15 0.00 1.11 0.00 0.81 2.32 78.10 0.00 5.70 0.00 4.20 12.00 93

37 30.81 19.19 0.71 1.11 2.42 0.61 6.77 62.30 2.30 3.60 7.90 2.00 22.00 82

Total/Ave
% 678.77 349.37 61.78 68.36 51.21 62.67 85.37 51.50% 9.10% 10.10% 7.50% 9.20% 12.60% 66
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Garnet geochemistry analysis was carried out using a MICROSCAN MK5 (Cambridge
Scientific Instruments Ltd., London, UK) Electron Microprobe. The energy dispersive
analysis system is a Link Analytical AN10/25S, and analyses were acquired and processed
with the Links ZAF4/FLS program. Conditions for the analysis were accelerating voltage
of 15 KV, a takeoff angle of 75◦, a probe current of approximately 3.0 nA (approx.. 2.2 nA
on Cobalt Standard), a beam diameter of approximately 5 microns, and a Livetime of
30 s.

The detrital zircon U-Pb dating was carried out using an ablation-single collector-
magnetic sectorfield-inductively coupled plasma-mass spectrometry (LA-SF-ICP-MS) at the
Central Analytical Facility at Stellenbosch University, South Africa. The equipment used
was Thermo Finnigan Element2 mass spectrometer coupled with a NewWave UP213 laser
ablation system. The age data presented here were obtained by single spot analyses with a
spot diameter of 30 µm and a crater depth of approximately 15–20 µm, corresponding to an
ablated zircon mass of approximately 150–200 ng. The methods employed for analysis and
data processing are described in detail by Gerdes and Zeh [49] and Frei and Gerdes [50].
For quality control, the Plešovice [50,51] and M127 [52,53] zircon reference materials were
analysed. Full analytical details and the results for all quality control materials analysed
are reported in the Supplementary Materials. Calculation of concordia ages and plotting of
concordia diagrams was performed using Isoplot/Ex 3.0 [54].

4. Results
4.1. Field Work and Remote Observation—Stratigraphic Analysis

It has been suggested that the basin fill has been repeated by thrust faults related to
the Earthquake Valley Fault [17], although this has been disputed [18]. Crow et al. [17]
reported finding thrust flats at three stratigraphic intervals: in the Wind Caves Member; in
the Yuha and Camels Head members; and in the lower part of the Olla Formation. Recent
work on the Deguynos Formation [55] stated that “we find no noticeable evidence of the major
fault zones cutting the well-exposed outcrops in our area of study”. During our work in the
basin, which included detailed logging across the other two reported faulted intervals, we
found no evidence of large-scale faulting in either the Wind Caves Member [33] or the
Olla Formation [33,34]. For these reasons, we do not believe that there has been large-scale
stratal repetition and treat the basin fill as a single coherent entity.

The starting point for the stratigraphic analysis was to use satellite images via Google
Earth and the published geologic map of Dorsey et al. [16] to investigate the field relation-
ships (summarised in Figure 1B). The stratigraphic boundaries can be directly observed
over most of the basin with the exception of mesas of Quaternary terrace deposits in the
north-central part of the basin (East, Middle, South, and West mesas) and Carrizo Creek,
a ribbon of Quaternary fluvial deposits, running through the south-central part of the
basin. The stratigraphy of the basin fill can be traced without interruption through the
outcrop of these Quaternary units. The continuity of the base and top of the Olla/Diablo
formations are striking. The lower boundary can be traced SE from the onlap of Olla
onto the Vallecito Mountains, through East Mesa, across Carrizo Creek, to onlap of Ar-
royo Diablo onto the Coyote Mountains (Figure 4). The upper boundary can also be
traced across the basin, although it is disrupted by minor N-S faults in the central part of
the basin.

At the NW end of the basin, the Olla Formation is not seen in direct contact with base-
ment anywhere. However, from the detailed map in Dorsey et al. ([16]; Figure 3 therein),
it can be seen that bedding in the Olla Formation passes directly into the Canebrake
Conglomerate, striking directly onto the basement of the Vallecito Mountains. Where
the Canebrake Conglomerate is equivalent to the Hueso Formation, stratigraphically
above the Olla, it rests directly on the WSDF. It is also worth noting that the lacus-
trine Tapiado Formation only overlies the Arroyo Diablo Formation; its gradational edge
with the Hueso Formation is almost exactly counterposed with the Olla–Arroyo Diablo
boundary below.
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Figure 4. Oblique image from Google Earth showing onlap of the Olla Formation onto the western
Coyote Mountains. The view is towards the WNW tip of the Coyote Mountains at Sin Nombre
Canyon (32◦50′06” N, 116◦09′21” W; elevation 276 m; view to azimuth 260◦; camera altitude 855 m;
image is approximately 1 km wide across the middle ground of this view). (A) Uninterpreted image.
(B) Interpreted image showing hanging wall basement (HWB-dark rocks to left of image, unshaded);
this is overlain by a patch of Split Mountain Group (SMG-mid-grey in the uninterpreted view; shaded
orange). The overlying Deguynos and Olla Formations are well-bedded and conformable with dips
towards the NNW at about 40◦. The Deguynos Formation (pale brown, shaded blue) rests directly on
basement and oversteps onto the Split Mountain Group outcrop; it is overlapped in turn by the Olla
Formation (light greyish brown, shaded green) which oversteps the Split Mountain Group to rest
directly on basement.

These observations imply that:

1. The Olla–Arroyo Diablo unit is a coherent package in a relatively undisturbed uncon-
formable relationship with basement on both sides of the basin. This suggests that
Winker and Kidwell’s [56] possibility of independent movement of the Coyote Moun-
tains with respect to the Vallecito and Fish Creek Mountains during post-depositional
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tectonics is probably untenable (their Figure 14, Alternative 1). We would, however,
support their Alternative 2—rotation of the FCVB as a single entity.

2. The pre-depositional topography of the hanging wall block was not overtopped until
the end of deposition of the Olla–Arroyo Diablo formations (Figure 2).

3. The restriction of the lacustrine Tapiado Formation to the area previously occupied
by the Arroyo Diablo Formation may indicate that the Olla Formation and overlying
parts of the Hueso Formation were deposited on a slope.

4.2. Field Work and Remote Observation—Sedimentology

Data collection was focused on the transition zone between the Olla and Arroyo
Diablo formations, where 34 sections were measured, varying from 4–43 m (average 20 m,
aggregate length 679 m). The data are presented in Figure 5 and summarised in Figure 6
and Table 2, with a full correlation panel shown in Supplementary Data (Figure S1). We
recognise six facies associations, defined on grain size and provenance:

1. C-Suite sandstone;
2. L-suite sandstone;
3. L-Suite sandstone with interbedded black siltstone;
4. Black siltstone, dominantly associated with L-Suite;
5. Mixed C- and L-Suite sandstone;
6. Red mudstone, dominantly associated with C-Suite.

These are shown on a large correlation panel (A1 sheet), which is available in the
Supplementary Material; this has been split into three separate figures (Figure 5A–C).

The most obvious feature of the logging is that it is extremely difficult to define a
boundary between the Arroyo Diablo and Olla formations [20]. The percentage of C-Suite
sandstone does increase eastwards away from the basin margin (Figure 6A), but it is not
systematic, and there is an obvious “Low C” unit in the middle of the sections. It is
also worth noting that the usual depiction of the Olla–Arroyo Diablo boundary shows
increasing L-Suite upwards while our data show that this is not the case. The Red Mudstone
association may be a better predicter of the Arroyo Diablo Formation, as there is an irregular
but clear increase basinward, reflecting a strong association with the C-Suite association;
again, if the boundary were defined on this, it shows the Arroyo Diablo expanding towards
the basin margin (Figure 6B). Mixed units are almost unknown in the basin as a whole, but
they are locally common in the transition zone (Figure 6C). With a single exception, they
are restricted to the middle part of the stratigraphy shown on these sections.

The best interpretation of these results is that the transition zone is tripartite. Recalcu-
lating the data in Table 2 to give the average facies association composition of logs within
the three zones (Table 3) shows:

1. A lower, C-Suite dominant unit which has a predictable basinward increase in C-Suite;
2. A middle, L-Suite dominant unit which extends relatively far into the basin and is

characterised by the highest proportion of black siltstone and of mixed association
and the lowest percentage of red mudstone;

3. An upper unit which is C-Suite dominant and shows a marked expansion of the
C-Suite toward the basin margin.

This middle unit is shown in the Google Earth images in Figure 6. The extension of
the unit into the basin is clear on Figure 6E while the nature of the thick, proximal, unit
of L Suite is shown in Figure 6F. We believe that it would be almost impossible to put a
meaningful boundary line between Olla and Arroyo Diablo on either map or section and
that it would be better to consider all interbedded C- and L-Suite deposits as part of the
Olla Formation.

4.3. Stable Minerals of Fish Creek-Vallecito Basin

It should be noted here that although the initial counts of overall heavy mineral species
abundance were carried out, the data provide no significant variation for the purpose of
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the study. The trends are clearer from stable mineral ratios and varietal analysis. The
count data are shown in two formats in the Supplementary Materials: full heavy mineral
assemblages and assemblages with the calcic-amphibole removed. Calcic-amphibole is
an unstable mineral that is removed quickly from an assemblage once burial diagenesis
has begun, with this diagenetic effect having a dominant effect on the total heavy mineral
assemblages in the FCVB [9].

The most important stable mineral ratios for distinguishing provenance in the FCVB
are garnet:zircon (GZi), apatite:tourmaline (ATi), and rutile:zircon (RZi) [9]; for informa-
tion on the overall heavy mineral assemblages, please refer to the Supplementary Data
(Table S1). Results for stable mineral ratio pairs can be seen in Figure 7 (and Supplementary
Data Table S2). Figure 7A,B illustrate all ratio pair data for the Fish Creek-Vallecito Basin
stratigraphy, with the exception of those from the Olla Formation. The majority of data
plot within one of two clear fields, one representing locally derived sediments (L-Suite)
and one representing the Colorado River derived sediments (C-Suite). The Split Mountain
Group and Lycium Member are of pre-Colorado L-suite provenance and Hueso Formation,
and Canebrake Conglomerate are of syn/post-Colorado L-suite provenance; the two show
little variation in the basin catchment. A point of interest beyond the Olla Formation is
the Wind Caves Member. Samples from this stratigraphic level are split, most plotting in
the C-suite field but a few samples plot within the L-suite field. This supports the current
understanding that the Wind Caves Member represents the arrival of the Colorado River
into the basin [6,8,9,20].
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Figure 5. (A) Part one of the log correlation panel (full panel in Supplementary Data). This includes
the correlation of sedimentary log columns 34, 35, 36, 37 and 27, via log 18B with (B). (B) Part two
of the log correlation panel including sedimentary log columns, 24, 25, 19, 21A, 17, 15, 16, 14, 2, 3,
30, with the continuation of 18B linking to (A) and 23 continuing to (C). (C) Part three of the log
correlation panel including sedimentary log columns, 21B, 22, 8, 9, 10, 11, 6, 7, 12, 13, 5, 4, 31, 32, 33
and the continuation of 23 from (B).
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Figure 6. (A–C) are vertical Google Earth image (SSW up) to show the well-exposed part of the
Olla-Diablo Transition zone in true stratigraphic orientation. In (A–C) the percentage of various
facies are shown at the mid-point of each section (see Figure 3 for locations and Figure 5 for section
details); on all three figures: green dashed line–top of Olla/Diablo Formation; red dashed line–axial
trace of the Fish Creek Anticline; white dashed line–mapped transition zone from Dorsey et al.
(2006). (A)—percentage of Colorado sand (C-Suite) as a percentage total sandstone (C + L + L &
Sist + Mixed) in each section. Yellow highlight, > 75% C-Suite; green highlight, 50–74% C-Suite; Olive
highlight, < 50% C-Suite.; (B)—percentage of Red Mudstone Facies in each section. Red highlight,
> 20% red mudstone; Pink highlight, 11–20% red mudstone; Grey highlight, 6–10% red mudstone;
Black highlight 0–5% red mudstone.; (C)—percentage of Mixed Facies in each section. Red highlight,
>20% mixed units; Pink highlight, 11–20% mixed; Grey highlight, 6–10% mixed; Black highlight
0–5% mixed.; (D)—Scale and orientation (compass symbol) of (A–C) and palaeocurrent directions
oriented to these figures (after Winker and Kidwell, 1996).; (E)—Tilt Google Earth image of the eastern
(distal) end of the middle, L-Suite unit; View SW; Fish Creek Wash to the left of the picture. Note the
continuity of units and the subtle thinning of the green units to the left (SE, basinward).; (F)—Tilt
Google Earth image of the western (proximal) end of the middle, L-Suite unit; View SW. Note the
C-Suite channels cutting into thick L-Suite units. Note the accretion surfaces in the lower channelised
unit and the leftward stepping (basinward) of the succeeding channel.
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Table 3. Summary data for the three sections (Upper, Middle, and Lower) identified within the
Olla/Diablo transition zone. Note that Section 18 has been left out as it crosses the mapped boundaries
between the Middle and Upper units.

Unit Sections Included
Percentages of Each Facies by Section

C Suite as a
% Total SandBuff sst

(C Suite)
Green sst
(L Suite)

Green sst
& Silt (L)

Mixed (L
& C)

Silts-
tone

Red
Mudstone

Upper 14, 17, 26, 27, 34, 35, 36, 37 74.9 2.1 4.9 4.2 2.6 11.4 87

Middle 1, 2, 3, 15/16, 19, 20, 21A,
21B, 22, 23, 24, 25, 30 33.9 15 13.1 12.2 16.5 9.3 46

Lower 4, 5, 6/7, 8, 9, 10, 11, 12, 13,
31, 32, 33 49 8.7 13.3 1.5 3.6 23.9 68
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Figure 7. (A) GZi vs RZi crossplot including all data points, excluding the Olla Formation. (B) ATi
vs RZi crossplot including all data points, excluding the Olla Formation. (C,D) show the GZi vs
RZi crossplot and the ATi vs RZi crossplot with the Olla Formation samples separated into L-suite,
C-suite, mixed and undifferentiated. A C-suite sample set (Arroyo Diablo) and an L-suite sample set
(Canebrake) remain for comparison.

The Olla Formation samples were omitted from Figure 7A,B due to it being derived
from a combination of C-suite and L-suite sediments. The omission provides a clear view
of the two provenance fields. Figure 7C,D illustrate an uncluttered view of samples from
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the Olla Formation. Some Olla Formation samples plot in the L-Suite field and some in
the C-Suite field while many plot in an intermediate position between the two fields. The
distinction between the two source fields is very clear. L-Suite samples have a much higher
RZi compared to the C-Suite deposits. The two groups have similar ranges of ATi, but the
C-Suite sediments (including the modern Colorado River) generally have a lower GZi.

To better understand the Olla Formation samples on these plots, they are labelled
based on field observations (Figure 7C,D). Olla samples have been separated into the buff
yellow C-suite sands, green L-suite sands, and lighter green sand that is interpreted, from
field observations alone, to be a mixture of the two end members. In addition, there are
undifferentiated Olla samples that sit within both fields.

Figure 7C shows that the C-Suite Olla Formation samples have very low RZi and
moderate-high GZi, typical of C-Suite sediment (Arroyo Diablo Formation remains for
comparison). In addition, two L-Suite samples sit in this field. However, L-Suite samples
do not sit in the L-Suite Field, but they tend to have a lower RZi, much the same as the
‘mixed’ Olla Formation samples. The RZi is not usually so low as to put them in the C-Suite
field but falls somewhere in between. This may indicate that even in the L-suite, green Olla
sand has some degree of mixing with the Colorado derived sediment. Figure 7D, on first
look, appears to show some discrepancy, with all samples (Figure 7B included) having a
moderate to high ATi, with RZi being the differentiating factor between the two provenance
fields. The exception is that most L-suite samples and some mixed suite samples have a
notably lower ATi, which could be an environmental indicator related to flood plain storage
duration or sediment recycling rather than representing a change in provenance.

4.4. Garnet Geochemistry

The garnet geochemistry data allow the comparison of geochemical compositions of
garnets within the Olla Formation. The modern Colorado River, upper Wind Caves Mem-
ber, Camel’s Head Member, and Arroyo Diablo Formation provide a garnet geochemical
signature of a purely C-Suite sediment, and the Canebrake Conglomerate and the L-suite
lower Wind Caves Member provide an L-Suite sediment garnet signature. Three samples
were taken from the Olla Formation from the buff, C-Suite Olla Formation, the L-Suite
green sands, and the intermediate pale green sands, respectively. The data can be seen in
Figure 8 (raw data available in Supplementary Data Table S3).

The garnet geochemistry profile of the L-Suite Canebrake Conglomerate is dominated
by Type Bi and Type Bii garnets with some Type D garnets and a single Type A garnet
grain. The C-Suite Arroyo Diablo garnet geochemistry profile is dominated by Type Bi
garnets with secondary Type A garnets and a minor quantity of Type Bii, Type Ci, and Type
D garnets. The C-Suite Olla sample has a garnet geochemistry profile almost identical to
that of the Arroyo Diablo Formation with a dominance of Type Bi garnets and secondary
Type A garnets and a few grains each of Type Bi garnets (some of which are very close
to being Type Ci garnets) and Type D garnets. The L-Suite Olla sample is dominated by
Type Bi garnets with some Type Bii and D garnets, similar to the Canebrake Conglomerate,
but the clearest difference compared to C-suite samples is the absence of Type A garnet in
the L-suite sediment. The mixed Olla Formation sample is comparable with the L-Suite
samples with a few grains of Type A garnets and fewer Type Bii garnets.

This new data supports the garnet geochemistry work from Nicholson et al. [9], which
shows an L-Suite sample from the Wind Caves Member, pre-Colorado River, which is
dominated by Type Bi and Bii garnets and shows the similar absence of Type A garnets.
The Wind Caves Member after arrival of the Colorado River then contain less Type Bii
garnets and slightly more Type D garnets but most notably input of Type A garnets and
minor quantities of Type Ci garnets. This is the same for the Camel’s Head Member and
the Arroyo Diablo Formation, as well as modern Colorado River samples.
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Figure 8. Garnet geochemistry ternary diagrams showing data from Nicholson ([9]; samples) and
additional plots for this study. Ternary diagram based on compositional fields of garnets, used to
plot garnet geochemistry, from Mange and Morton [48]. Type A—high Mg, low Ca. High-grade
granulaite metasedimentary rocks and charnockites. Sometimes intermediate-silicic deep crustal
igneous rocks. Type B—low-Mg, low Ca, often rich in Mn. Intermediate-acidic amphibolites facies
igneous rocks. Type Bi—XCa < 10%—granitoids, Mn-rich. Type Bii—XCa > 10% Type C—high-Mg,
high-Ca. high-grade mafic and ultramafic gneisses. Type Ci—XMg < 40% Metabasic rocks. Type
Cii—XMg > 40% ultramafic rocks eg. pyroxenites and peridotites Type D—abundant Fe3+ -Ca.
contact or thermally metamorphosed calcareous sediments, ultra-high temperature calc-silicate
granulites. If a clinopyroxene dominated assemblage, garnets are from low-grade metabasic rocks.

4.5. Detrital Zircon U-Pb Dating

Detrital zircon U-Pg age spectra are shown in Figure 9 and described below, with
raw data available in Supplementary Data Table S4. The zircon age profile for a C-suite
sediment was taken from the Camel’s Head Member (Figure 9a) and shows a wide variety
of zircon ages. There is a broad range of grains 0–200 Ma with another at 300–400 Ma.
There are also zircon grains dating between 1–2 Ga with peaks from 1.1–1.2 Ga, 1.4–1.5 Ga,
and 1.7 Ga, with additional peaks at 2.1 Ga, 2.4 Ga, and 2.8–2.9 Ga. By contrast, the L-Suite
end member, taken from the Canebrake Formation (Figure 9b), is dominated by zircons of
90–200 Ma with a small subsidiary peak at about 1.7 Ga. This is a significantly narrower
age range than the sediment coming from the Colorado River. These end members are
consistent with Colorado-derived and locally-derived zircon age spectra from Nicholson
et al. [9] and Kimbrough et al. [7].
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Samples from the Olla Formation represent buff, C-suite Olla (Figure 9c), intermediate,
mixed Olla (Figure 9d), and green L-suite Olla (Figure 9e). As expected, the C-suite Olla
sample shows a very similar zircon age profile to that of the Camel’s Head Member. Both
the intermediate and L-suite Olla samples show some younger peaks (0–100 Ma) seen in
the C-suite samples, although this is much less obvious for the L-suite buff sample. They
also both show some older zircon grains with ages of >1 Ga; however, these peaks are
much less prominent compared to the C-suite samples. It should be noted that even the
L-suite Olla sample appears to contain zircons that have a Colorado source. To better
understand this, Figure 10 shows the data in a percentage mixing plot. This illustrates
that the green L-suite Olla sample contains around 20% Colorado-derived zircon grains
and that the mixed Olla sample (#18) contains around 30% contribution from the Colorado
River. The locally sourced Canebrake Conglomerate provides a sample showing the most
locally derived zircon signature, which can also be seen in the work of Cloos et al. [57],
Nicholson et al. [9], and Kimbrough et al. [7].
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5. Discussion
5.1. Provenance of Large Rivers

The Colorado is one of the 30 largest rivers on Earth, measured both by catchment
and length [58], so its behaviour and evolution are globally significant. Of these 30 rivers,
only three cross a strike-slip plate boundary and deposit at least part of their delta in an
active tectonic zone: Amur [14], Orinoco [12], and Colorado [8]. Two other large rivers also
form at active collisional margins, constrained by the resulting topography. Sedimentation
from the Ganges-Brahamaputra system is pinned by the collisional orogen of the Burma
Arc, and part of its sediment load ends up in the Sunda Trench [59]. The Tigris-Euphrates
is relatively young (Pliocene-Holocene), and the river and delta have changed significantly
because of rapid foreland subsidence, high rates of sediment supply, and local base-level
changes in the Persian Gulf [60]. All of the other great rivers deliver their sediment load to
passive margins, so the Colorado is one of the few great rivers on Earth that has a delta
that is controlled by tectonic processes other than post-rift subsidence. This suggests that
any investigation of the palaeo-delta of the Colorado must honour the tectonic setting and
explain how depositional processes were influenced.
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The Colorado, Amur, and Orinoco share another characteristic: they each deposit
distinctive sands that can be clearly distinguished from locally derived material [9,23,61]. It
has always been a matter of research and debate how tributaries influence the bed load of
large rivers. Van Andel [22], in his classic study of the heavy minerals of the Rhine, pointed
out that “ . . . The influence of a tributary is not determined by its drainage area, but by the original
size of the heavy minerals and by the heavy mineral content of its sediments. On the whole the
changes resulting from supply by affluents are small and of limited extent.” In this case, although
there was a large influx of volcanic hornblende and other related heavy minerals into the
middle Rhine, these declined in importance downstream—possibly due to their labile
nature. In their study of the Amur catchment, Nicholson et al. [23] found that the sands
deposited in the palaeo-delta on Sakhalin were clearly sourced from the Zeya-Bureya Basin,
2000 km upstream; tributaries had little or no influence. It would appear that provenance
mixing in major rivers is rare, except in the headwaters. This is partly due to the scale
of the major river compared to tributaries [22]; in the case of the Amur, the modern river
system aggrades above the present level of the flood plain, meaning that tributaries enter
through lakes, bringing no bedload to the main trunk river (personal communication from
Professor A.P. Sorokin, 2001). In the extreme example, the Cross River flows across the
Niger delta, completely independent of the main stream [62], so there is no signature of the
volcanic rocks of the Cameroon Highlands in the Niger Delta [63]. This focuses attention
on the mixed provenance of the Olla Formation, which would appear to be unusual.

Such distinctive provenance can be long-lived. In the case of the Colorado deposition
in the FCVB, the main river provenance persisted from about 5 Ma until the end of Colorado
sedimentation at 2.5 Ma. This interval of unchanged provenance is brief compared to other
systems: the Amur has had broadly unchanged provenance for about 23 Ma (21 Ma
recorded in the receiving basin on Sakhalin [14]); the Nile has about 30 Ma of near-identical
provenance since near the start of the Oligocene (about 30 Ma [64]); and the Mississippi has
tapped into the same Appalachian and Rocky Mountain sources since at least the start of
the Cenozoic (up to 65 Ma [65]).

The Colorado belongs to a group of rivers (Amu Darya, Colorado, Euphrates, Nile,
Orange, Indus, Niger, and Río Negro), which derive at least 90% of their discharge from
mountain areas, yet much of their transport and deposition is through arid or semi-arid
lowlands [66]. In its present configuration, it has a greatly reduced discharge and sediment
flux due to the effect of upstream dams [67]. In the case of the Colorado, the tectonics and
climate of the entire catchment and its antecedents are also important factors to consider.

5.2. External Forcing Factors

The results presented here suggests that the distal margin of the Olla Formation
(Figure 6; Table 3) records changes in the balance between local and Colorado sediment
derivation in the FCVB. Our middle unit of the Olla Formation transition zone seems to
represent a retreat of the Colorado River from the basin margin and an advance of locally
derived sedimentation. This is unlikely to be a major tectonic factor as the Colorado Plateau
was already elevated [68]; the Colorado River was already well established [20]; and the
Elsinore Fault was not initiated until 1.6 million years later [16].

The Pliocene climate of the western US was warmer than the present day with a domi-
nance of winter rainfall and a general drying and cooling trend through the Pliocene [69].
The Olla Formation was deposited towards the end of the mid-Pliocene Warm Period
(mPWP, [69]) when surface temperatures were still higher than today, although modelling
suggests that the Colorado Plateau may have experienced sub-zero temperatures [70].
Astronomical forcing (Milankovitch cyclicity) has been modelled in detail through the
Mesozoic and Cenozoic [71], and there is a strong correlation with the climate as reflected
in δ18O records from the Pliocene, which vary in both 41 Ka and 100 Ka cycles [70,72,73].
This would have influenced rainfall and temperatures but does not appear to have signifi-
cantly affected Colorado River sedimentation. This conclusion is supported by the work of
Galloway et al. [74], who studied the history of sedimentation in the Gulf of Mexico and
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concluded that the Pliocene sediment yield from the eastern part of the Rocky Mountains
and Colorado Plateau were fairly constant through the Pliocene, if not longer [75].

Climate may, however, have had an effect on the amount of local sedimentation, which
would have been more sensitive to local rainfall variation than the very large, buffered,
Colorado system. The middle L-Suite unit is 130–145 m thick; assuming that the 2520 m of
the Olla Formation was deposited at a constant rate, this implies that the middle unit was
deposited in 72,000–81,000 years, which is in the Milankovitch range.

5.3. Provenance Mixing—Controls and Processes

The provenance of the Colorado has been unchanged for about 2.5 Ma, so the tec-
tonic evolution of the catchment cannot be a factor: the sediment source has remained
the Colorado Plateau throughout this period [8]; this is supported by the compilation and
modelling work of Fernandes et al. [68], which shows that the Colorado Plateau has been el-
evated since the Paleocene. However, in their study of the Sylhet River, Sincavage et al. [76]
pointed out that there is a distinction between tectonic scale (102 km) and event scale
(101 km) processes; they demonstrated that although tectonics created steeper and more
favourable pathways into the receiving basin, the Sylhet continued to occupy a longer
and less steep existing channel which had been enhanced by large flood events. Their
dictum that large-scale stochastic events should have equal weight to tectonic and climatic
events—in the case of the Sylhet, in the creation of pre-existing topography—is clearly
applicable to the Olla Formation. To put it at its simplest, the Olla would not exist without
local topography capable of generating sediment load for local rivers, which would be
tributaries of the Colorado.

The question then becomes: how did the mixing occur? All authors agree that the
Olla is laterally equivalent to and intermediate between the Canebrake and Arroyo Diablo
formations [9,16,20,32]. It is clear (Figures 5 and 6) that the mixed provenance of the Olla is
not uniform—rather, it is interbedding of material from two sources, which retain a distinct
facies identity and composition. However, stable heavy mineral ratios, garnet geochemistry
and U-Pb detrital zircon dating show that there are some true mixed units, which tend
to be restricted to the middle unit of the Olla (Figure 6), so the process of mixing must be
localised within the basin. There are three facts that must be taken into account. First, the
sedimentological analysis of Winker [20] suggests that Olla L-Suite units appear to have
been deposited in shallower, faster-flowing streams than the C-Suite facies. Second, L-Suite
rocks have palaeocurrent directions that are slightly oblique to the trends in C-Suite [6]
(see Figure 6D). Third, post-Colorado lacustrine deposits of the Tapiado Formation do not
overlap with the Olla outcrop (Dorsey et al. [16]—their Figure 3).

The heavy mineral assemblages of the L-suite and C-suite are very similar with no
obvious variations. As shown previously by Nicholson et al. [9], the stable mineral pairs,
however (Figure 7), do show the differences between C-suite and L-suite sediment, with
data from the entire stratigraphic section providing very clear C- and L-suite fields. In the
majority of the buff, C-suite Olla samples sit within the C-suite compositional field [9], and
some L-suite samples sit within the L-suite field, but many are on the periphery, indicating
the possibility of a mixed provenance. This suggests that although the green sediment
of the Olla Formation is referred to as L-suite, there is a degree of mixing with C-suite
sediments. The presence of Type A garnets is also diagnostic of C-suite sediments and the
absence of this garnet type marks an L-suite sediment, but in the Olla Formation, a few
grains of Type A garnets can be found in the mixed units. In some cases, there are just a
few grains of Type A or Ci grains, and so there is some limitation to the certainty. It is the
combined use with other datasets that increases the certainty. Increasing the sample size of
garnet grains tested would help to increase the trend certainty of the garnet data.

Trends seen in the stable mineral ratios and garnet geochemistry data, further con-
firmed by mixing plots of detrital zircon ages (Figure 10), show that the L-Suite Olla
Formation sample is still a hybrid of local (80%) and Colorado-derived (20%) sediment.
This suggests that there were compositionally distinct, locally derived fluvial channels on
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the palaeo-Colorado floodplain but that these channels incorporated some material as they
cannibalised older Colorado River-derived deposits on the floodplain.

6. Conclusions

The combination of review, field, and laboratory work detailed in this paper leads to
five important conclusions:

1. The Pliocene Colorado River system was unusual among the Earth’s great rivers in
having its delta deposited in a strike-slip plate boundary and in having a floodplain
depositional unit (Olla Formation) with a genuine mixed and interbedded provenance;

2. The interbedding and mixing of far-travelled and locally derived deposits was facili-
tated by persistent local topography within and adjacent to the receiving basin;

3. Climate, tectonics, and overall geometry of the sediment routing system of the Col-
orado River remained relatively constant through the deposition of the Olla and
Arroyo Diablo formations. However, climate variation on the Milankovitch scale may
have had an effect on the local sediment flux, which would have been more sensitive
to local rainfall variation than the very large, buffered, Colorado system;

4. The low ATi of much of the Olla Formation, when compared to the L- and C-suite end-
member samples, could be the result of longer time spent in storage on the flood plain
top environment prior to burial. It should also be acknowledged that the lower ATi
could be the result of sediment recycling along the lower Colorado River corridor as a
result of remobilization from fill-and-spill processes upstream of the FCVB [77–80];

5. The combination of stratigraphic, sedimentological, and heavy mineral work suggests
that the Olla L-Suite was deposited on the distal part of the Canebrake alluvial fan
system still with a depositional slope towards the basin. Deposition of the Olla was
probably by both the main trunk stream of the Colorado and smaller tributaries com-
ing across the fans. The migration of the main river could have cannibalised fan toe
deposits, and vice versa, leading to true mixed provenance units in a restricted area.

Although this study focuses on a small part of a medium-sized basin, it illustrates the
importance of local factors in determining the sedimentary record of one of the Earth’s
great rivers.
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