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ABSTRACT 24 

 25 

 The Northwestern Gulf of Mexico Basin is an ideal natural laboratory to study and 26 

understand source-to-sink systems.  An extensive grid of high-resolution seismic data, 27 

hundreds of sediment cores and borings and a robust chronostratigraphic framework were 28 

used to examine the evolution of late Quaternary depositional systems of the northwestern 29 

Gulf of Mexico throughout the last eustatic cycle (~125 ka to Present).  The study area 30 

includes fluvial systems with a wide range of drainage basin sizes, climate settings and water 31 

and sediment discharges.   Detailed paleogeographic reconstructions are used to derive 32 

volumetric estimates of sediment fluxes (Volume Accumulation Rates).  The results show 33 

that the response of rivers to sea-level rise and fall varied across the region.  Larger rivers, 34 

including the former Mississippi, Western Louisiana (presumably the ancestral Red River), 35 

Brazos, Colorado and Rio Grande rivers, constructed deltas that advanced across the shelf in 36 

step-wise fashion during Marine Isotope Stages (MIS) 5-2.  Sediment delivery to these deltas 37 

increased during the overall sea-level fall due to increases in drainage basin area and erosion 38 

of sediment on the inner shelf, where subsidence is minimal, and transport of that sediment 39 

to the more rapidly subsiding outer shelf.  The sediment supply from the Brazos River to its 40 

delta increased at least 3-fold and the supply of the Colorado River increased at least 6-fold 41 

by the late stages of sea-level fall through the lowstand.  Repeated filling and purging of 42 

fluvial valleys from ~119-22 ka contributed to the episodic growth of falling-stage deltas. 43 

During the MIS 2 lowstand (~22-17 ka), the Mississippi River abandoned its falling-44 

stage fluvial-deltaic complex on the western Louisiana shelf and drained to the Mississippi 45 

Canyon.  Likewise, the Western Louisiana delta was abandoned, presumably due to merger 46 
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of the Red River with the Mississippi River, terminating growth of the Western Louisiana 47 

delta.  The Brazos River abandoned its MIS 3 shelf margin delta to merge with the Trinity, 48 

Sabine and Calcasieu rivers and together these rivers nourished a lowstand delta and slope 49 

fan complex.  The Colorado and Rio Grande rivers behaved more as point sources of 50 

sediment to thick lowstand delta-fan complexes.  51 

Lowstand incised valleys exhibited variable morphologies that mainly reflect 52 

differences in onshore and offshore relief and the time intervals these valleys were occupied.   53 

They are deeper and wider than falling stage channel belts and are associated with a shelf-54 

wide surface of erosion (sequence boundary).    55 

During the early MIS 1 (~17 ka to ~ 10 ka) sea-level rise, the offshore incised valleys 56 

of the Calcasieu, Sabine, Trinity, Brazos, Colorado, and Rio Grande rivers were filled with 57 

sediment.  The offshore valleys of smaller rivers of central Texas would not be filled until the 58 

late Holocene, mainly by highstand mud. The lower, onshore portions of east Texas incised 59 

valleys were filled with sediment mainly during the Holocene, with rates of aggradation in 60 

the larger Brazos and Colorado valleys being in step with sea-level rise. Smaller rivers filled 61 

their valleys with back-stepping fluvial, estuarine and tidal delta deposits that were offset by 62 

flooding surfaces. In general, the sediment trapping capacity of bays increased as evolving 63 

barrier islands and peninsulas slowly restricted tidal exchange with the Gulf and valley filling 64 

led to more shallow, wider bays. A widespread period of increased riverine sediment flux 65 

and delta growth is attributed to climate change during MIS 1, between ~ 11.5-8.0 ka, and 66 

occurred mainly under cool-wet climate conditions. 67 

 Relatively small sea-level oscillations during the MIS 1 transgression (~17 ka to ~ 4.0 68 

ka) profoundly influenced coastal evolution, as manifested by landward stepping shorelines, 69 
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on the order of tens of kilometers within a few thousand years.   The current barriers, strand 70 

plains and chenier plains of the study area formed at different times over the past ~8 ka, due 71 

mainly to differences in sand supply and the highly variable relief on the MIS 2 surface on 72 

which these systems formed.   73 

 Modern highstand deposition on the continental shelf formed the Texas Mud Blanket, 74 

which occurs on the central Texas shelf and records a remarkable increase in fine-grained 75 

sediment supply.  This increase is attributed to greater delivery of sediments from the 76 

Colorado and Brazos rivers, which had filled their lower valleys and abandoned their 77 

transgressive deltas by late Holocene time, and to an increase in westward directed winds 78 

and surface currents that delivered suspended sediments from the Mississippi River to the 79 

Texas shelf. 80 

 Collectively, our results demonstrate that source-to-sink analyses in low gradient 81 

basin settings requires a long-term perspective, ideally a complete eustatic cycle, because 82 

most of the sediment that was delivered to the basin by rivers underwent more than one 83 

cycle of erosion, transport and sedimentation that was regulated by sea-level rise and fall. 84 

Climate was a secondary control.  The export of sediments from the hinterland to the 85 

continental shelf was not directly in step with temperature change, but rather varied 86 

between different fluvial-deltaic systems.  87 

 88 

1. Introduction 89 

 90 

 Many laboratory flume experiments and numerical modeling studies, as well as 91 

conceptual models, have attempted to bridge the gap between sedimentary processes and 92 
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strata formation.  Advancing and testing the validity of those types of models can be done 93 

using regional geological data across a margin influenced by multiple distinct fluvial systems 94 

and spanning enough time to record autocyclic and allocyclic influences.  We contend that 95 

the late Quaternary provides the best time interval for this research because sea-level 96 

history is well constrained relative to the rest of geological time, centennial to millennial-97 

scale chronostratigraphic resolution is achievable and, depending on location, subsidence 98 

and paleoclimate histories are best constrained.  The late Quaternary is also the only time 99 

when high-resolution seismic data provides vertical and horizontal resolution at both 100 

outcrop and stratigraphic-bedding scales.  101 

The northwestern Gulf of Mexico provides an excellent field area for this type of 102 

research because the continental shelf experiences relatively high subsidence, the sediment 103 

discharge of rivers varies widely, and knowledge of paleoclimate change is steadily 104 

improving. In addition, the continental shelf physiography and oceanography varies 105 

significantly across the study area, which has resulted in different sediment accumulation 106 

and dispersal patterns.  Finally, the northwestern Gulf of Mexico has a long tradition of 107 

sedimentological and stratigraphic research that provides an important framework for 108 

source-to-sink research.     109 

We describe sediment delivery, transport and deposition within and between fluvial, 110 

deltaic, coastal, shelf and upper slope depocenters of the northwestern Gulf of Mexico in the 111 

late Quaternary.  Note, Bhattacharya et al. (this volume) and Bentley et al. (this volume) 112 

discuss development of source-to-sink systems in the northern Gulf in the Cretaceous and 113 

Cenozoic, respectively.  In addition, Blum et al. (2013) provide a recent and thorough review 114 
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of the literature on the response of Quaternary fluvial systems to allogenic and autogenic 115 

forcings, including examples from the northwestern Gulf of Mexico.  116 

Our study area includes several rivers that have a wide range of drainage-basin size, 117 

relief, and geology (Fig. 1).  These rivers have highly variable discharge and sediment yields 118 

that reflect the strong climate gradient of the region, mainly precipitation, and anthropogenic 119 

influences (Table 1). Currently, drainage-basin area correlates poorly with sediment 120 

discharge, which is partly due to differences in precipitation, land-use practices, and water 121 

management across the study area.  In the past, rivers like the Colorado and Rio Grande had 122 

larger sediment discharges that were more consistent with their drainage-basin areas.  123 

Our research focused on the last glacial eustatic cycle (~125 ka to Present) for which 124 

sea-level history is well known (Fig. 2). We greatly benefited from results of prior studies, in 125 

particular the extraordinary detailed work of Berryhill and colleagues (Berryhill, 1987), 126 

which was based on dense grids of high-resolution seismic data from the western Louisiana 127 

and south Texas continental shelves.   128 

Our early research focused on stratigraphic variability of the continental shelf and 129 

upper slope across the northern Gulf (Anderson et al., 2004).   Since then, we have completed 130 

detailed studies of the onshore Calcasieu (Milliken et al., 2008a), Sabine (Milliken et al., 131 

2008b), Trinity (Anderson et al., 2008), Brazos (Taha and Anderson, 2008), Colorado 132 

(previously unpublished), Lavaca (Maddox et al., 2008), Copano (Troiani et al., 2011), Nueces 133 

(Simms et al., 2008) and Baffin Bay (Simms et al., 2010) fluvial valleys.  We have also 134 

conducted extensive research on barrier islands and peninsulas, shelf banks, tidal deltas and 135 

the Brazos wave-dominated delta (e.g., Siringan and Anderson, 1993; Rodriguez et al., 136 

2000a,b, 2004; Simms et al., 2006a; Wallace et al., 2009, 2010; Wallace and Anderson, 2010, 137 
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2013; summarized in Anderson et al., 2014).  Finally, we recently completed a study of the 138 

Texas Mud Blanket (Weight et al., 2011), which dominates highstand sedimentation on the 139 

continental shelf.   These studies included detailed lithofacies analysis, based largely on 140 

sediment core analyses, coupled with high-resolution seismic data to integrate lithofacies 141 

and stratigraphy. A robust chronostratigraphic framework allows us to assemble results 142 

from these previous studies into a basin-scale analysis of how lithofacies and stratigraphy 143 

have varied in response to allogenic and autogenic forcings.    144 

 145 

2. Methods 146 

 147 

This review is based on over two decades of research that was heavily focused on 148 

data acquisition and analysis of hundreds of sediment cores (vibracores, pneumatic hammer 149 

cores and drill cores), hundreds of water-well and oil industry platform-boring descriptions 150 

and thousands of kilometers of high-resolution seismic data (Fig. 3). 151 

A range of seismic sources, including a 50 inch3 Generator-Injector (GI) air gun, 15 152 

inch3 water gun, multi-element sparker, boomer and chirp, were used for seismic-data 153 

acquisition in order to obtain maximum stratigraphic resolution at different water depths 154 

and stratigraphic thicknesses.  All are single-channel data and most of these data were 155 

digitally acquired and processed using band-pass filters and gain adjustment.   156 

Sedimentological work included detailed lithological descriptions, identification of 157 

sedimentary structures, grain size, macro- and micro-faunal analyses, magnetic susceptibility 158 

and clay mineralogy.  Hundreds of radiocarbon dates, oxygen isotope profiles and 159 

micropaleontological data provide chronostratigraphic constraints on relative age 160 
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assignments derived from seismic stratigraphic analysis (see Anderson et al., 2004 for 161 

details).  Using these combined data, we apply basic sequence stratigraphic techniques and 162 

terminology to subdivide the stratigraphic section into systems tracts (Fig. 4) that are 163 

constrained using the sea-level curve and associated Marine Oxygen Isotope (MIS) stages 164 

shown in Figure 2.  165 

These are as follows: 166 

Highstand Systems Tract (MIS 5e), 124-119 ka 167 

Falling-Stage Systems Tract (MIS 5-3), ~119-22 ka 168 

Lowstand Systems Tract (MIS 2), ~22-17 ka 169 

Transgressive Systems Tract (MIS 1), ~17-4.0 ka 170 

Current Highstand (MIS 1), ~4.0 ka-Present. 171 

We use our seismic grids and chronostratigraphic results (Anderson et al., 2004; 172 

Weight et al., 2011) to derive sediment Volume Accumulation Rates (VAR; in km3/kyr) over 173 

millennial time scales.  These values are converted to Mass Accumulation Rates (MAR; 106 174 

t/yr) in order to compare these long-term rates to sediment discharge rates derived using 175 

the QBART method (Syvitski and Milliman, 2007).  It is noteworthy that, while both values 176 

are expressed in 106 t/yr, the two methods are quite different, in particular the time intervals 177 

considered, as our MAR approach averages over millennial time scales while the QBART 178 

method utilizes modern conditions (Table 1). The MAR calculations assume that the 179 

sediment volume is entirely quartz (density of 2.65 g/cm3) with a porosity value of 40%, 180 

which is similar to previous studies in the region (Pirmez et al., 2012; Weight et al., 2011).  181 

This calculation is done using the relationship between mass (msp), volume (Vsp) and density 182 

(ρsp) of the solid phase (sp) of sediments:  183 
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Msp = Vsp  ρsp                                                                                                                                           (1) 184 

See Weight et al. (2011) for further details. 185 

 186 

3. Study area    187 

 188 

3.1. Subsidence and Basin Physiography 189 

 190 

Regional basin subsidence is highly variable, ranging from 0.03 mm/yr along inland 191 

portions of the coast to >1.0 mm/yr at the shelf margin (Paine, 1993; Anderson et al., 2004; 192 

Simms et al., 2013). Thus, during the last eustatic cycle (~125 ka to Present), less than one 193 

meter of subsidence occurred along the current coastline while the shelf margin experienced 194 

more than 100 meters of subsidence.  This seaward increase in subsidence and sediment 195 

accommodation is manifest as a wedge of strata deposited during the last eustatic cycle (Fig. 196 

4).  Subsidence rates also increased near large depocenters on the shelf, a response to 197 

sediment loading and compaction (Simms et al., 2013).   198 

It is well established that shelf physiography is regulated by fluvial sediment flux 199 

(Olariu and Steele, 2009).  Variations in continental shelf physiography across the study area 200 

are the result of differences in sediment input and the degree to which accommodation was 201 

filled by sedimentation over multiple eustatic cycles (Anderson et al., 2004), both of which 202 

are largely governed by underlying large structures (e.g., San Marcos and Sabine Arches-Fig. 203 

3).  In particular, relatively low sediment input, due to the diversion of rivers by a structural 204 

high across the San Marcos Arch, has resulted in a prominent embayment on the central 205 

Texas shelf (Fig. 5). 206 
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 207 

3.2. Climate and Paleoclimate 208 

   209 

Currently, four major climate regimes are found across the region (Thornthwaite, 210 

1948): humid (western Louisiana and far east Texas), wet subhumid (east central Texas), dry 211 

subhumid (central Texas), and semiarid (south Texas).  Most notably, mean annual 212 

precipitation ranges widely (50 to 150 cm per year; Fig. 1), but temperature differences from 213 

east to west across the study area are minimal. In addition, onshore relief and geology are 214 

significantly different across the region.  Larger rivers (Brazos, Colorado and Rio Grande, Fig. 215 

1) have drainage basins that span variable relief, climate, vegetation type and cover, and 216 

geology. These rivers are characterized by flashy flow, with greater discharge and sediment 217 

supply to the coast during floods that occur at decadal time scales  (Rodriguez et al., 2000a; 218 

Fraticelli, 2006; Carlin and Dellapenna, 2014).  Smaller rivers (e.g., Calcasieu, Sabine, Trinity, 219 

Lavaca, Nueces rivers; Fig. 1) drain mostly coastal-plain areas, and as a result, watersheds 220 

are characterized by similar low relief but different vegetation cover and geology. These 221 

smaller rivers exhibit considerable variability in sediment discharge that reflects the strong 222 

precipitation gradient across the region (Fig. 1).  223 

 Several studies have focused on the post-glacial climatic history (~18 ka to Present) 224 

of Texas based on multiple proxies, such as 13C variations in organics and carbonates 225 

(Humphrey and Ferring, 1994; Wilkins and Currey, 1999; Nordt et al., 2002), faunal shifts 226 

(Toomey et al., 1993; Buzas-Stephens et al., 2014), presence of C4 grasses (Nordt et al., 227 

1994), and calcium oxalate (Russ et al., 2000).  These studies have shown that numerous 228 

shifts between cold-wet and warm-dry conditions occurred over millennial time scales (Fig. 229 
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6) driven both by atmospheric and oceanographic changes (North American Monsoon, PDO, 230 

ENSO; e.g., Toomey et al., 1993; Buzas-Stephens et al., 2014). Independent studies have 231 

shown that sediment supply to the basin varied through time and at different temporal 232 

scales due to changes in vegetation cover and river discharge, which are largely driven by 233 

climate (Fraticelli, 2006; Hidy et al., 2014). In general, climate variability increases toward 234 

the west and south. Central Texas was predominately cool-wet from ~18 ka to 7.5 ka, and 235 

warm-dry from ~7.5 ka to 3.5 ka (Humphrey and Ferring, 1994; Nordt et al., 1994, 2002; 236 

Toomey et al., 1993). Since 3.5 ka, the paleoclimate in central Texas was characterized by 237 

fluctuations between millennial scale periods of cool-wet and warm-dry conditions (Buzas-238 

Stephens et al., 2014). While the climate records in west Texas are considerably shorter, they 239 

also suggest that the past ~6 ka has been characterized by centennial to millennial periods of 240 

cool-wet and warm-dry conditions (Wilkins and Currey, 1999; Russ et al., 2000). 241 

 242 

3.3. Oceanographic Setting 243 

 244 

 The Texas coast has a diurnal, microtidal range (<1 m) (Morton, 1994). Along the 245 

northwestern Gulf of Mexico, the shoreline is typically influenced by fair-weather near-shore 246 

waves that range between 30 and 60 cm in height with 2 to 6 second periods. Due to the 247 

coastline shape, the prevailing southeasterly winds and waves drive longshore currents that 248 

flow from east to west in east Texas and from south to north in south Texas. These currents 249 

therefore converge offshore central Texas (Lohse, 1955; Curray, 1960; Morton, 1979; Oey, 250 

1995).  The Gulf of Mexico is frequently impacted by severe storms and hurricanes and 251 

during these times, wave heights and periods can be enhanced. Intense hurricanes (likely 252 
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category 3 and higher) have impacted the Texas coast over the late Holocene at a time-253 

averaged rate of 0.46% (annual landfall probability) (Wallace and Anderson, 2010), meaning 254 

they strike at any single location about once every 200 years.  255 

Wind-driven currents dominate oceanographic circulation on the continental shelf.  A 256 

counterclockwise gyre is a dominant feature on the central Texas shelf. It is driven by strong 257 

westward coastal currents and by an eastward current that flows along the shelf margin (Fig. 258 

7). West of the Mississippi River, the Louisiana-Texas Coastal Current dominates shelf 259 

circulation (Cochrane and Kelly, 1986; Oey, 1995; Jarosz and Murray, 2005).  During fall, 260 

winter, and spring, flow is to the west on the Louisiana shelf and toward the southwest on 261 

the Texas shelf; during the summer the flow periodically reverses.  Circulation on the 262 

continental slope is strongly influenced by eddies spinning off from the loop current that 263 

migrate from east to west and onto the central Texas continental shelf (Shideler, 1981; 264 

Rudnick et al., 2015; Fig. 7). Currents in water depths of 2000 meters can exceed 85 cm/s 265 

above the bottom (Hamilton and Lugo-Fernandez, 2001). 266 

 267 

4. Systems Tract Evolution 268 

 269 

4.1. Previous Highstand and Falling Stage (MIS 5-3) 270 

 271 

 During MIS 5e, ice-equivalent sea levels were 6-9 m higher than present (Kopp et al., 272 

2009, 2013; Dutton and Lambeck, 2012).  In the northern Gulf of Mexico region, glacio-273 

isostatic effects resulted in local relative sea levels of ~8-10 m above present (Muhs et al., 274 

2011; Simms et al., 2013).  This resulted in the formation of a prominent shoreline during 275 
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this period of relatively stable sea level, locally known as the Ingleside Shoreline (Price, 276 

1933; Shepard and Moore, 1955; Paine, 1993; Otvos and Howat, 1996; Simms et al., 2013) 277 

(Fig. 3).  The shoreline was dated near Galveston Bay and Matagorda Bay using optically 278 

stimulated luminescence, with ages ranging between 119-128 ka (Simms et al., 2013).  279 

Original beach ridges are locally preserved.  The shoreline is absent locally where removed 280 

by fluvial erosion or buried by eolian deposits. Its similarity to the modern shoreline 281 

suggests that coastal-sediment delivery and dynamics were similar during MIS 5e as today. 282 

 283 

4.1.1. Falling-Stage Channel Belts 284 

 285 

The first and most detailed studies of falling-stage deposits on the continental shelf 286 

were conducted by Berryhill and colleagues (Berryhill, 1987).  Suter (1987) mapped fluvial 287 

channels on the western Louisiana continental shelf, which were interpreted to have formed 288 during “Early Wisconsin” time (Fig. 8).  Suter and Berryhill (1985) mapped and described 289 

shelf-margin deltas on the western Louisiana and east Texas continental shelves.  Studies by 290 

Coleman and Roberts (1988a, b) and Wellner et al. (2004) provided chronostratigraphic 291 documentation that the older (“Early Wisconsin”) channels mapped by Suter (1987) and 292 

their associated shelf-margin deltas are MIS 5-3 falling-stage deposits. Relatively high 293 

subsidence and sediment accumulation in this area facilitated preservation of these deposits.  294 

The channels mapped by Suter (1987) can be subdivided into two separate drainage 295 

systems.  The eastern drainage complex (paleo-Mississippi River channel complex) is 296 

characterized by somewhat wider, more closely spaced channels that occupied an area at 297 

least 150-km wide (Fig. 8). The eastern set of channels display lateral accretion, generally 298 
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less than a kilometer, indicating modest channel sinuosity. The age of the eastern shelf 299 

margin delta, which Suter and Berryhill (1985) called the “Mississippi Delta”, is not directly 300 

constrained but is assumed to be a MIS 3 feature since the Mississippi River is known to have 301 

avulsed to a new location at the Mississippi Canyon by MIS 2 time. The western channel 302 

complex is on the order of 80 kilometers in width, although the western boundary is poorly 303 

defined by our data. It is characterized by channels that converge seaward (Fig. 8). The 304 

western channel complex exhibits a general northeast to southwest orientation, perhaps 305 

indicating a westward-dip to the shelf during this time interval (Suter and Berryhill, 1985).   306 

Individual channels are in excess of 35-meters deep, with width-to-depth ratios generally 307 

greater than 30:1 (Suter, 1987).  The western channel complex nourished a large shelf 308 

margin delta, the Western Louisiana delta (Fig. 8), during MIS 3 until ~33,000 radiocarbon 309 

years ago (Wellner et al., 2004).    310 

The Texas shelf differs from the western Louisiana shelf in that it has fewer and more 311 

widely spaced falling-stage channels.  This may be partly due to lower subsidence on the 312 

Texas shelf, which resulted in erosion of shallow channels, especially on the inner shelf.  But 313 

it was also likely that the fluvial geomorphology of the two areas was different.   314 

   315 

4.1.2. Falling-Stage Deltas 316 

 317 

We distinguish fluvial-dominated deltas as having clinoform heights greater than the 318 

depth of wave erosion, which in the western Gulf is in the range of -8 to -10 meters 319 

(Rodriguez et al., 2001; Wallace et al., 2010).  We can further characterize the shapes of these 320 

deltas (e.g., highly lobate versus elongate) based on variations in clinoform dips as revealed 321 
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in seismic records.  Highly lobate deltas display greater variability in clinoform angles, 322 

reflecting variations in the directions of progradation of individual lobes. To a first order, 323 

delta shape is controlled by the rate of sediment delivery versus rates of sea-level rise and 324 

fall (i.e., changes in accommodation) (Driscoll and Karner, 1999).  As we will demonstrate, 325 

falling-stage deltas tend to be elongate in a dip direction, a product of rapid basinward 326 

growth forced by sea-level fall.  In contrast, transgressive fluvial-dominated deltas display 327 

highly lobate shapes and lowstand deltas display slope-parallel elongation.  328 

During the overall fall in sea level, the ancestral Mississippi, Western Louisiana, 329 

Brazos, Colorado and Rio Grande rivers constructed large deltas on the shelf (Fig. 9). Detailed 330 

sequence stratigraphic analysis revealed that the growth of these deltas was strongly 331 

regulated by the episodic nature of the overall sea-level fall (Morton and Suter, 1996; 332 

Wellner et al., 2004; Abdulah et al., 2004; Banfield and Anderson, 2004) (Fig. 2). They 333 

experienced phases of seaward progradation across the inner shelf during MIS 5e-d, 5c-b and 334 

5a-4 (Figs. 2 and 9).  Episodes of delta growth were interrupted by landward shifts (back-335 

stepping) during periods of sea-level rise (MIS 5d-c and 5b-a; Fig. 2).  Slow subsidence and 336 

low accommodation on the inner shelf resulted in the upper portions of these falling-stage 337 

deltas being eroded.  In particular, their sandy mouth-bar deposits, which occur in the upper 338 

part of the delta succession, were eroded.   339 

 During MIS 4, sea level fell to ~-80 meters and then during MIS 3 rose to between ~-340 

60 and ~-30 meters, followed by a gradual fall to ~-80 to ~-90 meters at the end of MIS 3 341 

(Fig. 2).  The MIS 3 rise is discernible as a prominent flooding surface that separates MIS 3 342 

delta clinoforms from MIS 5 deposits (Fig. 4).  All four deltas experienced rapid and 343 

continuous growth to the shelf margin and into water depths of up to ~80 meters during MIS 344 



 16 

3 (Anderson et al., 2003; Anderson, 2005).  This phase of seaward growth resulted in a 345 

downward shift in clinoforms and mouth-bar sands that down-cut into prodelta muds (Fig. 346 

10).    347 

The observed response of falling-stage deltas to high-frequency sea-level oscillations 348 

has been recognized in other areas, including the Gulf of Cadiz (Hernández-Molina et al., 349 

2000) and Gulf of Lions (Lobo et al., 2004; Labaune et al., 2005). 350 

     351 

4.1.2.1. Sediment Supply Through Time 352 

 353 

We use the VAR values for falling-stage deltas to estimate the long-term (millennial-354 

scale) sediment delivery to individual fluvial/deltaic systems  (Table 1).  These are minimum 355 

estimates because it is not possible to account for the volume of fine-grained sediments that 356 

bypassed the shelf.  Furthermore, we do not account for onshore deposits of MIS 5e.  357 

 358 

Our estimates for the Brazos system are as follows: 359 

  360 

• Stage 5e-5b: ~1.10 km3/kyr 361 

• Stage 5a-4:   ~1.35 km3/kyr 362 

• Stage 3:  ~3.5 km3/kyr.  363 

 364 

The observed ~3-fold increase in VAR during the overall falling stage is attributed, in 365 

part, to recycling of sediments from the inner shelf to the outer shelf.  This recycling occurred 366 

during repeated episodes of transgression and regression during MIS 5 through MIS 3 time 367 
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(Fig. 2).  Evidence for recycling exists in our seismic data and cores as prominent 368 

transgressive and regressive surfaces (Fig. 4), which are erosional unconformities. This 369 

recycling also resulted in an overall increase in the sand-to- mud ratio of the falling-stage 370 

deltas, due to progressive removal of silts and clays, to produce extensive sandy mouth bars 371 

(Fig. 10).  372 

During the same time interval that large deltas prograded across the western 373 

Louisiana and east and south Texas shelves, the central Texas shelf, where no large rivers 374 

exist, experienced seaward progradation of coastal deposits that filled only about 20% of the 375 

total accommodation formed by subsidence on the outer shelf (Eckles et al., 2004) (Fig. 9).  376 

This contributed to the bathymetric embayment (Central Texas Embayment) on the central 377 

Texas shelf (Fig. 5), which is situated between the ancestral Colorado and Rio Grande deltas.  378 

This shelf embayment later became the location of highstand mud accumulation.  379 

 380 

4.2. Lowstand 381 

   382 

The major lowstand depositional systems of the study area include incised valleys on 383 

the continental shelf and delta-fan complexes, hemiplegic drapes and contourites on the 384 

continental slope (Fraticelli and Anderson, 2003) (Fig. 11). 385 

   386 

4.2.1. Incised Valleys 387 

 388 

 Between ~ 28 ka and 18 ka, sea level fell continuously from ~-80 to ~-120 meters, 389 

exposing the entire continental shelf (Fig. 2).  During this time interval, rivers continued to 390 
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erode and extend their valleys seaward, marking the final phase of fluvial incision and 391 

creation of the MIS 2 sequence boundary.  Using dense grids of seismic profiles acquired in 392 the 1970’s by the USGS and by Texaco Oil Company and augmented by our own data (Fig. 3), 393 

Simms et al. (2007) constructed a digital elevation map of the MIS 2 surface that shows the 394 

incised valleys on the continental shelf (Fig. 11).  The onshore valleys that are now bays were 395 

mapped in considerable detail using tighter grids of seismic data, sediment cores and 396 

platform borings (Anderson and Rodriguez, 2008) (Fig. 12).  A map of the Brazos incised 397 

valley was constructed using aerial photographs supplemented by hundreds of water-well 398 

descriptions (Taha and Anderson, 2008).  The onshore Colorado and Rio Grande incised 399 

valleys have not been mapped in detail. 400 

Relative to falling-stage channels, incised valleys are significantly wider (from a few 401 

kilometers to tens of kilometers wide at the current shoreline) and deeper.  The incised 402 

valleys average 40-m deep near the present shoreline, whereas falling-stage channels, with 403 

the exception of those of the western Louisiana continental shelf, are generally less than 20- 404 

m deep and less than a kilometer wide (including lateral accretion). With the exception of the 405 

more ramp-like central Texas shelf, incised valleys are discernable to the shelf edge. 406 

The cross-sectional profiles of individual valleys vary widely, ranging from relatively 407 

narrow (e.g., Baffin Bay and Sabine valleys) to broad and terraced (e.g., Trinity and Lavaca 408 

valleys, which are now occupied by Galveston and Matagorda bays, respectively) (Fig. 12).  409 

Terraced morphology was a product of stepped down-cutting due to the episodic nature of 410 

sea-level fall (Fisk, 1944; Thomas and Anderson, 1994; Blum et al., 1995; Rodriguez et al., 411 

2005). Both the Colorado and Brazos valleys bifurcated in an offshore direction while the 412 

Calcasieu, Sabine and Trinity valleys converged (Fig. 11).  The offshore Brazos, Sabine and 413 
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Trinity valleys were similar in width and depth, despite differences in their drainage-basin 414 

areas and discharge (Table 1).  In part, these similarities were likely due to variations in the 415 

depth of transgressive ravinement along the shelf, which removed the upper, wider and 416 

more morphologically variable portions of these valleys.  The different valley morphologies 417 

and drainage patterns have been attributed mainly to differences in the river profiles relative 418 

to continental-shelf gradients (Greene et al., 2007; Simms et al., 2007).  But, there were also 419 

probably differences in the response of these rivers to sea-level fall.  Some valleys 420 

experienced multiple episodes of erosion and fill during the last eustatic cycle, while others 421 

were occupied only during a portion of the cycle (e.g., stages 3-1).  This is particularly true in 422 

the lower-valley reaches where avulsions must have occurred.  In general, smaller rivers 423 

such as the Trinity River occupied the same valley throughout MIS 5-2 (Fig. 11).  The Brazos 424 

valley, on the other hand, avulsed during the late (MIS 3) falling stage.  Fluvial valleys of the 425 

central Texas shelf can be traced only a few tens of kilometers across the shelf.  These valleys 426 

were formed by rivers that flowed across a prograded shoreline that terminated on the mid-427 

shelf, resulting in a significant gradient change with time (Eckles et al., 2004).  In contrast, 428 

the Rio Grande valley provides another unique fluvial geomorphology, one where a single, 429 

relatively narrow valley on the inner shelf widens and deepens seaward, reaching a depth of 430 

~100 meters at the shelf margin (Suter and Berryhill, 1985; Banfield and Anderson, 2004) 431 

(Fig. 13).   432 

This complex sea-level and physiographic control on valley morphology has been 433 

observed in other locations, for example the Manfredonia Incised Valley of the south Adriatic 434 

continental shelf.  There, Maselli et al. (2014) demonstrated significant upstream deepening 435 

of the valley, which they connected with fluvial incision of the MIS 5e highstand coastal prism 436 
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and associated subaqueous clinoform under the influence of MIS 5-4 sea-level changes.  437 

Shallowing downstream and narrowing of valleys primarily was related to increased sea-438 

level fall rates at the MIS 3-2 transition on a flatter mid-outer shelf.   Ultimately, the interplay 439 

between sea-level change, stream power and load, and the physiography of the shelf 440 

controlled the duration of incision, valley morphology and drainage pattern. 441 

 442 

4.2.2. Lowstand Deltas and Fans 443 

 444 

 Even before sea level fell to its lowest point (MIS 2; Fig. 2), the Mississippi, Western 445 

Louisiana, Brazos, Colorado and Rio Grande rivers had constructed deltas situated at the 446 

shelf margin (Suter and Berryhill, 1985; Abdulah et al., 2004; Wellner et al., 2004; Banfield 447 

and Anderson, 2004; Figs. 8 and 9).  But, the point at which these deltas reached the shelf 448 

margin and delivered sediments to the continental slope varied. The Mississippi, Western 449 

Louisiana, Brazos, and Colorado deltas occupied the shelf margin and upper slope by MIS 3 450 

time (Fig. 9) while the Rio Grande delta lagged behind, being mostly an MIS 2 feature 451 

(Anderson, et al., 1996; Abdulah et al., 2004; Banfield and Anderson, 2004; Anderson, 2005).  452 

Prior to the MIS 2 lowstand, the Mississippi, Western Louisiana, and Brazos deltas 453 

were abandoned by their fluvial sources.  Bentley et al. (this volume) review late Quaternary 454 

sedimentation on the Mississippi fan. The Brazos River avulsed to a new location along the 455 

eastern margin of its MIS 3 delta and merged with the ancestral Trinity River.  Radiocarbon 456 

ages indicate that the Brazos River avulsion occurred between ~36 ka and 20 ka (Fraticelli 457 

and Anderson, 2003) and that the Western Louisiana MIS 3 delta was abandoned by ~ 36 ka 458 

(Wellner et al., 2004).  Upstream of where the Brazos and Trinity valleys merged on the 459 
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outer shelf, the Sabine and Calcasieu valleys converged with the Trinity Valley (Fig. 11).  460 

Sediment from these combined drainage basins nourished a prominent lowstand delta and 461 

slope fan complex that occupied four salt-withdrawal minibasins on the upper slope 462 

(Satterfield and Behrens, 1990; Anderson et al., 1996, 2004; Morton and Suter, 1996; 463 

Winker, 1996; Beaubouef and Friedmann, 2000; Badalini et al., 2000; Pirmez et al., 2012) 464 

(Fig. 14).  465 

Because the Brazos River abandoned its MIS 3 delta, the delta was not incised by a 466 

lowstand valley and thus was not a significant source of sediment to the lowstand delta-fan 467 

system.   The MIS 3 Western Louisiana delta may, however, have been a source of sediment 468 

to the newly established Brazos-Trinity (B-T) lowstand delta (Wellner et al., 2004). Platform 469 

borings from the seaward terminus (shelf edge) of the B-T valley sampled up to 30 m of sand 470 

(Anderson et al., 1996), which is consistent with thickness estimates from seismic facies 471 

analyses (Morton and Sutter, 1996).    472 

 Pirmez et al. (2012) conducted a detailed study of the B-T depositional system, 473 

including 2D and 3D seismic data analysis and sedimentological and chronostratigraphic 474 

analyses of sediment cores, including drill cores, from the four upper slope minibasins 475 

located down dip of the B-T lowstand delta (Fig. 14). They used seismic and 476 

chronostratigraphic data to derive a total volume of 62.2 km3 for sediment accumulation in 477 

the minibasins during the most recent glacial-eustatic cycle.  They then combined their 478 

chronostratigraphic results with maps from Prather (2012) to estimate sediment flux to the 479 

basin during this time interval. Their results showed that deposition in the upper minibasin 480 

began by 24.3 ka, which was approximately coeval with the formation of the B-T MIS 2 delta, 481 

and that sediment delivery to the basin had largely ended by ~15 ka (Pirmez et al., 2012). 482 
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 Unlike the B-T system, the Colorado River remained fixed at its outer shelf location 483 

and nourished its shelf-margin delta throughout MIS 3-2, with an approximately six-fold 484 

increase in VAR over that time interval (Table 1). The Colorado shelf margin delta was 485 

deeply incised during the lowstand, and contributed to the supply of sediment to two 486 

canyons that connect with two slope fans (Lehner, 1969; Tatum, 1977; Woodbury et al., 487 

1978; Rothwell et al., 1991; Abdulah et al., 2004) (Fig. 11).  488 

The ancestral Rio Grande River incised valley widened and deepened seaward into a 489 

prominent canyon head (Fig. 13).  The lowstand delta was mapped by Berryhill (1987) and 490 

Banfield and Anderson (2004), and the slope fan was mapped by Sidner et al. (1978) and 491 

Rothwell et al. (1991) (Fig. 11).  By the end of the lowstand, the river had constructed a thick, 492 

wedge-shaped delta/fan complex that filled this valley and canyon head with up to 100 493 

meters of sediment (Fig. 13), and tectonics considerably influenced the thickness of the delta 494 

(Berryhill, 1987).  A single core from the lowstand delta sampled a 30-m thick package of 495 

silty sand, sandy silt and sand (Banfield and Anderson, 2004).  496 

Chronostratigraphic data for the Rio Grande falling stage delta are not sufficient to 497 

derive reliable VAR estimates. Banfield and Anderson (2004) noted seaward expansion of 498 

the delta and argued that the sediment discharge during the falling stage and lowstand was 499 

significantly greater than at present.  They attributed this increase in sediment supply to the 500 

delta to recycling of sediment from the inner shelf and wetter climate conditions within the 501 

drainage basin at that time, resulting in greater erosion within the drainage basin and 502 

increased river discharge.  503 

 504 

4.3. Transgression  505 
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 506 

The post-LGM (Last Glacial Maximum) sea-level history for the northern Gulf of 507 

Mexico is well constrained, especially for the past 10 ka (Fig. 15).   508 

Figure 16 shows the major transgressive depositional systems of the study area, 509 

including incised-valley fills, deltas and coastal deposits.  Between ~17 ka and ~10 ka the 510 

rate of rise was so rapid that only a thin veneer of early transgressive strata was deposited 511 

on the outer shelf, except on the western Louisiana shelf where MIS 1 estuarine, fluvial and 512 

marine deposits blanketed the shelf (Suter, 1987).  The other exception was the Trinity-513 

Sabine-Brazos delta, which continued to grow during the early part of the transgression, as 514 

indicated by a shift from progradational to aggradational clinoforms (Fig. 17) and by a 515 

radiocarbon age of ~14 ka from near the top of the delta (Wellner et al., 2004). 516 

After ~10 ka, the rate of sea-level rise slowed progressively from an average rate of 517 

4.2 mm/yr to 1.4 mm/yr (Fig. 15).  This slower rise resulted in a decrease in the rate of 518 

transgression and thicker transgressive deposits on the inner shelf.  As a result, the record of 519 

sedimentation since ~ 10 ka is more complete than earlier periods (Anderson et al., 2014).  520 

This includes sand banks, which are coastal barriers that were overstepped during 521 

transgression to form sand banks (Rodriguez et al., 1999), incised-valley fill deposits and 522 

isolated fluvial-dominated deltas.  523 

 Sediment supply to the continental shelf apparently increased between ~ 11.5 ka and 524 

5.0 ka as indicated by the formation of lobate deltas of the Brazos (Abdulah et al., 2004), 525 

Colorado (Van Heijst et al., 2001) and Rio Grande (Banfield and Anderson, 2004) rivers.   526 

These deltas sit on top of the MIS 2 sequence boundary and display highly variable clinoform 527 
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angles, reflecting lobate shapes (Fig. 18).  Radiocarbon ages from the Brazos (Abdulah et al., 528 

2004) and Colorado (Van Heijst et al., 2001) deltas confirm their MIS 1 ages.  529 

 530 

4.3.1. Incised-Valley Infilling 531 

 532 

Simms et al. (2006b) characterized overfilled valleys, those that are filled entirely 533 

with fluvial sediments, and under-filled valleys, those that contain estuarine and marine 534 

sediments.  Overfilled valleys include the Brazos and Colorado valleys and most likely the Rio 535 

Grande valley.  Figure 19 is a highly exaggerated (vertical scale 300x) digital elevation map 536 

that contrasts the under-filled Trinity valley and the overfilled Brazos valley.  Note that the 537 

under-filled Trinity valley is well defined north of the coastal plain, whereas the Brazos 538 

valley has less topographic expression.  All under-filled valleys have been flooded to create 539 

bays (i.e., Calcasieu, Sabine, Trinity/San Jacinto, Matagorda, Copano, San Antonio, Corpus 540 

Christi and Baffin bays). The overall stratigraphic architecture of these valleys have been 541 

studied in detail (Milliken et al., 2008a,b; Anderson et al., 2008; Maddox et al., 2008; Simms 542 

et al., 2008, 2010; Troiani et al., 2011) and are characterized by deepening-upward 543 

successions of fluvial, bayhead delta, bay and tidal deposits that back-step landward (Fig. 544 

20).  Thomas and Anderson (1994) argued that this back-stepping stratigraphic architecture 545 

resulted from the episodic nature of sea-level rise, with flooding surfaces separating 546 

supposedly contemporaneous bayhead delta, open bay, and tidally influenced lower bay 547 

deposits.  This concept was later tested using detailed seismic and drill core analyses of 548 

modern bays (Anderson and Rodriguez, 2008) (Fig. 21). Results showed that some of the 549 

flooding surfaces in separate bays appear to be contemporaneous, and are thus interpreted 550 
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as having been caused by rapid rates of sea-level rise (Anderson et al., 2010).  However, 551 

other flooding surfaces formed at different times in different bays, which indicates that they 552 

resulted from periods of decreased sediment supply or from variations in the rate of bay 553 

flooding regulated by the antecedent topography of the valleys (Rodriguez et al., 2005; 554 

Simms and Rodriguez, 2014). 555 

The offshore bayhead deltas mapped by Thomas (1990) and Thomas and Anderson 556 

(1994) are significantly larger than the modern Trinity delta, yet they formed over similar 557 

time intervals.  Direct age control of the offshore deltas is lacking, but the age of the youngest 558 

delta (Delta 3, Fig. 20) is well constrained (Fig. 21). This delta experienced its most rapid 559 

phase of growth between ~9.6 and 7.7 ka. This phase of growth occurred at the same time 560 

the Brazos and Colorado rivers constructed their most recent fluvial-dominated deltas on the 561 

inner shelf (Van Heijst et al., 2001; Abdulah et al., 2004).  The much smaller modern Trinity 562 

delta formed over the past ~2,600 years (Fig. 21).  The different growth rates imply either 563 

variations in the sediment supplied by the Trinity River or inherent changes in 564 

accommodation due to predictable morphological changes at flooded tributary junctions 565 

(e.g., Simms and Rodriguez, 2014).  566 

Taha and Anderson (2008) examined the Brazos River incised valley in detail using 567 

over 400 water-well descriptions to map the valley and characterize its fill (Fig. 22). 568 

Radiocarbon ages from sediment cores were used to constrain rates of aggradation within 569 

the valley (Abbott, 2001; Taha and Anderson, 2008) (Figs. 23 and 24).  The lower 60 km of 570 

the Brazos valley contains 28.6 km3 of sediment, mostly fine-grained Holocene floodplain 571 

deposits with isolated channels (Fig. 22).  The majority of the valley fill is younger than ~20 572 

ka, and rates of aggradation 40-km inland increased after 12 ka and decreased after 6 ka as 573 
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aggradation gradually shifted up valley (Figs. 23 and 24). Aggradation in the lower 40-km 574 

length of the onshore valley tracked sea-level rise closely (Taha and Anderson, 2008), but 575 

there were no times when the rate of rise exceeded sediment supply as indicated by the 576 

absence of marine flooding surfaces and estuarine sediments within the valley fill.  Lowstand 577 

deposits occur only in the base of the valley (Fig. 24). The proportion of sandy channels 578 

relative to fine-grained floodplain silts and clays decreased through time in the upper part of 579 

the valley, a result of valley widening outpacing channel stacking even after aggradation 580 

rates decreased (Fig. 25).  581 

We recently conducted a similar study to the Brazos investigation in the lower 582 

Colorado River incised valley using over 600 water-well descriptions.  To date, only a single 583 

drill core has been used to measure the rate of aggradation within the valley, but it revealed 584 

a rate of valley aggradation nearly identical to the Brazos valley at approximately the same 585 

distance of 40 km from the coast (Fig. 24).   586 

 587 

4.3.2. Transgressive Ravinement 588 

 589 

 Seismic profiles from the continental shelf show many examples of fluvial channels 590 

and deltas decapitated by the transgressive ravinement surface (e.g., Abdulah et al., 2004; 591 

Wellner et al., 2004) (Figs. 10 and 26).  Sediment core transects that cross the modern 592 

shoreface and inner shelf revealed that preservation of barrier and shoreface deposits is 593 

minimal and that marine muds onlapped the decapitated shoreface at a depth of between -8 594 

and -10 m, indicating that this is the depth of transgressive ravinement along the Texas coast 595 

(Siringan and Anderson, 1994; Rodriguez et al., 2004; Wallace et al., 2010). The depth of 596 
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transgressive ravinement was generally below the depth of late Holocene river channels, so 597 

these channels were, for the most part, eroded.   598 

 599 

4.4. Current Highstand 600 

 601 

4.4.1. Coastal Evolution 602 

 603 

The current highstand began ~4.0 ka, when the rate of sea-level rise slowed to ~0.4 to 604 

0.6 mm/yr (Fig. 15-see references therein).  It was around this time that most of the current 605 

strandplains, barrier islands, peninsulas and chenier plains began to form, although the 606 

actual timing of their formation varied by a few thousand years (Anderson et al., 2014) (Fig. 607 

27).  In fact, throughout the modern highstand these coastal features have had a highly 608 

variable response to sea-level rise, which reflected differences in rates of sediment supply 609 

and underlying relief of the Pleistocene surface on which coastal features were formed. Sand 610 

delivery from smaller rivers was shut off several thousand years earlier when their valleys 611 

were flooded to create bays.  Only the Brazos, Colorado and Rio Grande rivers contributed 612 

sediment directly to the basin.   In addition to these fluvial sources, considerable volumes of 613 

sand came from offshore (Anderson et al., 2014).  614 

Using the -8 to -10 m depth for the transgressive ravinement surface, Weight et al. 615 

(2011) calculated sediment production rates for the area that includes the ancestral Brazos 616 

and Colorado deltas in 1000-year time slices.  Total sediment production from ravinement of 617 

these sources was ~61.0 km3 (Weight et al., 2011).  Based on seismic facies, platform borings 618 

and sediment cores, a conservative sand estimate of the eroded material is 60%, yielding a 619 
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total volume of ~36.6 km3 of sand that was made available to the coastal system. We 620 

estimate a total sand volume of 13 ± 3 km3 within the modern barrier island systems of the 621 

Texas coast, based on data from Bolivar Peninsula (Rodriguez et al., 2004), Galveston Island 622 

(Bernard et al., 1959; Rodriguez et al., 2004), Follets Island (Bernard et al., 1970; Morton, 623 

1994; Wallace et al., 2010), Matagorda Peninsula (Wilkinson and McGowen, 1977), 624 

Matagorda Island (Wilkinson, 1975), San José Island (Anderson et al., 2014), Mustang Island 625 

(Simms et al., 2006a), North Padre Island (Fisk, 1959), and South Padre Island (Wallace and 626 

Anderson, 2010). More than 75% of this total volume exists within the Central Texas barrier 627 

islands (Matagorda Peninsula, Matagorda Island, San José Island, Mustang Island, and North 628 

Padre Island), primarily due to their older ages and converging longshore currents and 629 

associated deposition. Over time, longshore currents are removing sediment from east and 630 

south Texas barriers and depositing it along the central Texas coast. We estimate a total sand 631 

volume of ~22.5 ± 2.5 km3 on the inner shelf based on the area of the northwestern Gulf of 632 

Mexico (50,000 km2) shelf and total sand thicknesses, mostly storm beds, within late 633 

Holocene sediments (Hayes, 1967; Snedden et al., 1988; Wallace and Anderson, 2013).  Thus, 634 

the sand budget of the Texas coast is balanced using offshore sources. 635 

A detailed sediment budget analysis by Wallace et al. (2010) examined sand sources 636 

and sinks along the upper Texas coast. This study included washover, shoreface, and tidal 637 

delta fluxes, and determined an annual volumetric sand flux of 84,000 m3/yr is being 638 

transported towards central Texas. The offshore sand flux due to hurricanes was estimated 639 

to be <5,000 m3/yr (Wallace and Anderson, 2013), and therefore, this less likely influenced 640 

Holocene coastal evolution (Siringan and Anderson, 1994; Wallace et al., 2009). Detailed 641 

sand fluxes are not currently known for south and central Texas barrier systems. However, 642 
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given the order of magnitude differences between thicknesses of east and south Texas 643 

barriers relative to central Texas barriers (Anderson et al., 2014) it is clear that longshore 644 

currents have exerted the first-order control on sand erosion and deposition over millennial 645 

timescales.   646 

 647 

4.4.2. Estuarine Sinks 648 

 649 

Thomas and Anderson (1994) demonstrated that bay evolution within the Trinity 650 

River incised valley (ancestral Galveston Bay) was characterized by episodes of tidal-inlet 651 

and tidal delta development within the offshore valley and argued that these tidal deposits 652 

recorded times when barrier islands and peninsulas existed, even though these barriers 653 

were not always preserved on the adjacent continental shelf due to transgressive 654 

ravinement. Periods of shoreline stability were interrupted by landward shifts in bayhead 655 

delta, bay and tidal deltas that were tens of kilometers in distance (Figs. 20 and 21).  With 656 

each landward step, a new phase of bay and barrier evolution began. As the bay was filled 657 

with sediment it evolved from a deep, narrow bay to a broad, shallow bay (Fig. 28), which 658 

implies significant changes in bay circulation through time.  The long, narrow, open-mouthed 659 

bay may have experienced stronger, resonating tidal circulation, similar to modern 660 

Chesapeake Bay (Zhong et al., 2008). This period of greater tidal influence was recorded by a 661 

large amount of tidal inlet/delta strata that occurred in the lower portion of the bay (Fig. 21).  662 

Modern Galveston Bay is a broad and shallow bay with a narrow tidal inlet and tidal delta 663 

that is significantly smaller than its predecessors (Figs. 20, 21 and 28).  It is characterized by 664 

complex tidal circulation with wind-generated currents and waves playing a strong role in 665 
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sediment re-suspension and dispersal.  With barrier island and chenier development during 666 

the late Holocene, the sediment-trapping capacity of the bay has increased through time, 667 

resulting in increased accumulation of bay mud and a new phase of bayhead delta 668 

progradation during the last several millennia (Fig. 21).  Detailed studies of Calcasieu Lake 669 

(Milliken et al., 2008a), Sabine Lake (Milliken et al., 2008b), Matagorda Bay (Maddox et al., 670 

2008), Corpus Christi Bay (Simms et al., 2008), Copano Bay (Troiani et al., 2011), and Baffin 671 

Bay (Simms et al., 2010) revealed similar styles of bay evolution. 672 

 673 

4.4.3. Texas Mud Blanket 674 

 675 

 The dominant highstand feature on the continental shelf is the Texas Mud Blanket 676 

(TMB), which is up to 50-m thick and covers the entire central Texas shelf (Fig. 29).   Weight 677 

et al. (2011) conducted a detailed study of the mud blanket using a relatively dense grid 678 

(~3000 km) of high-resolution seismic data and several long cores that penetrated the 679 

deposit.   They acquired a robust radiocarbon stratigraphy to examine the evolution of the 680 

mud blanket, including volume and flux calculations and XRD analyses aimed at identifying 681 

the source of the deposit.  The results showed that the TMB accumulated mainly during the 682 

late Holocene and that rates of accumulation were inversely correlated with rates of sea-683 

level rise (Fig. 30). One exception, an early episode of growth, began ~ 9 ka, with the 684 

accumulation of 41 km3 of sediment between ~9.0 ka and ~8 ka.  This sediment was derived 685 

mainly through transgressive ravinement of shelf strata and coincided with a period of 686 

growth of the Brazos, Colorado and Rio Grande deltas.  However, it was not until ~3.5 ka that 687 

the most rapid phase of TMB deposition occurred, with a total of 172 km3 of accumulation 688 
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during this period (Fig. 30).  Mineralogical results indicated that the sediment came mainly 689 

from the Colorado, Brazos and Mississippi rivers.  This was a marked increase in sediment 690 

delivery from these rivers. 691 

By the late Holocene, the Brazos and Colorado rivers had filled their lower valleys 692 

with sediment, thus eliminating onshore accommodation and increasing sediment delivery 693 

to the Gulf.  Weight et al. (2011) argued that the dramatic increase in sediment delivery from 694 

the Mississippi River to the TMB at this time was best explained by an increase in 695 

southeasterly winds, which drove westward-flowing marine currents in the northwestern 696 

Gulf. 697 

 698 

5. Discussion   699 

 700 

5.1. Subsidence and Accommodation 701 

 702 

The creation of accommodation by subsidence is essential for preservation of 703 

sedimentary deposits, especially during the late Quaternary when the frequency of sea-level 704 

rise and fall was rapid. Subsidence rates on the Louisiana coastal plain and inner shelf are 705 relatively high (mm’s/yr), which has allowed preservation of relatively thick falling-stage 706 

(MIS 5) fluvial and deltaic deposits (Berryhill, 1987; Coleman and Roberts, 1988 a,b; Wellner 707 

et al., 2004) (Fig. 8).  In Texas, subsidence rates on the coastal plain and inner shelf are a 708 

fraction of a mm/yr (Paine, 1993; Simms et al., 2013) and relief on the lowstand surface of 709 

erosion (MIS 2 sequence boundary, Fig. 11) indicates significant fluvial erosion of falling-710 

stage deposits. In addition, transgressive ravinement occurs to depths of -8 to -10 meters  711 
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(Siringan and Anderson, 1994; Rodriguez et al., 2001; Wallace et al., 2010) and has further 712 

eroded late Quaternary strata on the continental shelf. 713 

During MIS 5 through MIS 2, sea level fell and rose repeatedly, with magnitudes of fall 714 

that were in the range of 30 to 50 m and rises of a few tens of meters (Fig. 2).  Thus, portions 715 

of the continental shelf experienced multiple episodes of subaerial fluvial erosion and 716 

transgressive ravinement. The result was minimal preservation of late Quaternary sediments 717 

on the inner shelf and recycling of eroded sediments to the outer shelf where subsidence was 718 

as much as two orders of magnitude higher than on the inner shelf (Anderson et al., 2004).  719 

Through time, this resulted in removal of highstand and early falling-stage deposits on the 720 

inner shelf and higher sediment-flux rates to the outer shelf.  Repeated recycling of 721 

sediments on the inner shelf resulted in enrichment of sand on the outer shelf.   722 

The importance of subsidence and accommodation on erosion and recycling of 723 

sediments from a slowly-subsiding inner continental shelf to a faster-subsiding outer shelf is 724 

also illustrated using the west Florida continental shelf, where subsidence is minimal. There, 725 

late Quaternary deposits are quite thin on the inner shelf.  Falling-stage and lowstand 726 

deposits exist only on the outer continental shelf and upper slope in the form of sand-727 

dominated shelf-margin deltas.  The feeder channels of these deltas have been completely 728 

eroded (Bart and Anderson, 2004; McKeown et al., 2004). Reworking of these deltas during 729 

transgression has resulted in a transgressive sheet sand that extends from west Florida to 730 

Mississippi, the MAFLA Sheet Sand (McBride et al., 2004).  731 

  732 

5.2.  Fluvial Incision and Valley Shape 733 

 734 
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Using flume experiments, Strong and Paola (2008) examined valley shape as a 735 

function of rate of base-level change and other factors.  They describe continuous down-736 

cutting during base-level fall and valley widening that ultimately results in a diachronous 737 

erosion surface.    738 

We observe different valley morphologies for different rivers that formed during the 739 

same relative fall in sea level (Figs 11, 12).  This is attributed to variable relief and the fact 740 

that different valleys were occupied at different times during the overall fall.  The 741 

Mississippi, western Louisiana, and Brazos rivers abandoned their falling stage channel belts 742 

and deltas and cut lowstand valleys during MIS 2.  Other rivers, such as the Trinity River, 743 

occupied the same valley throughout the falling stage and lowstand and are, therefore, true 744 

cross-shelf paleovalleys (Blum et al., 2013).  Thus, different valley morphologies result from 745 

processes acting over different time scales, but each of the rivers we have studied has a 746 

lowstand valley that is part of a discernable, both in seismic data and cores, shelf-wide 747 

surface of erosion (Simms et al., 2007, Fig. 11). 748 

 749 

5.3. Valley Aggradation and Purging 750 

 751 

Blum and Törnqvist (2000) proposed two end-member source-to-sink models.  Their 752 “vacuum cleaner model” called for cannibalization and evacuation of sediment from the 753 

alluvial valley during sea-level fall.   However, they questioned the concept of incision and 754 

complete bypass of sediments from alluvial valleys for larger fluvial systems. Their 755 “conveyor belt model” called for more continuous sediment supply from the drainage basin.   756 

Blum and Womack (2009) argued that the Brazos and Colorado mixed bedrock-alluvial 757 
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paleo-valleys behaved as conveyor belt systems with sediment storage and release governed 758 

mainly by climate oscillations. Blum et al. (2013) hypothesized that periods of incision are 759 

associated with sediment export minima, whereas periods of lateral migration and channel-760 

belt construction result in increased sediment flux from rivers to basins.  Blum and Womack 761 

(2009) further suggested that, although sediment flux is moderated by coastal-plain storage, 762 

sediment discharge to the ocean is less during glacial periods compared to interglacial 763 

periods, resulting in a net increase in sediment flux during warm intervals.   764 

Our results demonstrate that the greatest sediment storage capacity for incised 765 

valleys occurs in the lower 50 to 100 kilometers of these valleys where they are wider, 766 

deeper and more susceptible to changes in sea level. Our data also demonstrate that the 767 

lower Brazos and Colorado valleys are filled mainly with Holocene fluvial sediments; 768 

lowstand deposits are confined to the deepest portions of these valleys (Figs. 23 and 24).  We 769 

did not observe marine flooding surfaces in either valley, hence, aggradation within these 770 

valleys kept pace with, and was largely in sync with, sea-level rise (Taha and Anderson, 2008, 771 

Fig. 24). We also observe that aggradation rates decrease through time and up valley, despite 772 

the decreasing accommodation as deposition shifted up valley.  This decrease in aggradation 773 

was associated with nearly an order-of-magnitude decrease in the rate of sea-level rise (from 774 

5.0 mm/yr to 0.6 mm/yr, Fig. 24), which suggests that sediment bypass increased in the late 775 

Holocene.   This is consistent with the observation that both the Brazos and Colorado rivers 776 

became important sources for the TMB during the late Holocene (Weight et al., 2011). 777 

It is widely argued that a time lag exists between the onset of sea-level fall and 778 

upstream adjustment to that fall, resulting in out of phase erosional and depositional cycles 779 

at the coast (e.g., Van Heijst and Postma, 2001). Hence, aggradation can occur in the upper 780 
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reaches of a river valley during sea-level fall and incision can occur during sea-level rise.   781 

Such was the case in the upper Colorado valley, where Blum and Valastro (1994) 782 

demonstrated a phase of floodplain aggradation ~20-14 ka, followed by incision after that 783 

time.   The most rapid aggradation of the lower onshore Brazos and Colorado valleys 784 

occurred ~12-6 ka and was in step with a sea-level rise (Taha and Anderson, 2008; Fig. 24).  785 

Hence, erosion and aggradation in the upper and lower valleys of these rivers were out of 786 

phase.   787 

We calculate ~28.6 km3 of lowstand and transgressive sediments occupy the Brazos 788 

valley and estimate a similar volume for the Colorado valley, based on its similar size and 789 

stratigraphy.  Thus, considerable erosion and creation of accommodation within the lower 790 

valley occurred during the falling stage and lowstand. Approximately 24.0 km3 of the Brazos 791 

valley fill was deposited since ~8 ka, yielding a VAR of ~3.0 km3/kyr for this time interval.   792 

The similar size and aggradation rates for the Colorado valley suggests a similar VAR.     793 Blum et al.’s (2013) argument that the long-term sediment yields of rivers are not 794 

significantly influenced by valley purging during sea-level fall is based on the assumption 795 

that periods of net export from the incised valley occurred only a few times over an ~60 ka 796 

period. However, given the rapid aggradation rates within the lower Brazos and Colorado 797 

valleys, we might assume that similar cycles of valley aggradation and purging occurred 798 

several times during the MIS 5 through 2 sea-level oscillations, assuming similar sediment 799 

yields of the rivers over this period. Episodes of sea-level rise (MIS 5d-c, MIS 5b-a, MIS 4-3) 800 

occurred over time intervals of 10 to 20 ka and the magnitudes of rise were 20 to 30 m (Fig. 801 

2), or about the same as the sea-level rise associated with aggradation of the lower Brazos 802 

and Colorado valleys after ~ 12 ka.  Based on our VAR estimates for the Brazos valley (~3.0 803 
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km3/kyr) for this time interval, this was sufficient to have contributed significantly to the 804 

falling-stage MIS 5e-5b delta (VAR~1.10 km3/kyr), the MIS 5a-4 delta (VAR~1.35 km3/kyr), 805 

and the MIS 3 delta (VAR~3.5 km3/kyr).  In addition to valley storage and purging, there 806 

were also significant expansions of the Brazos and Colorado drainage areas due to merging 807 

of coastal plain streams and rivers into these rivers (Anderson et al., 2004; Blum and 808 

Womack, 2009; Blum et al., 2013) and recycling of sediments from the inner to the outer 809 

shelf.  This scenario of increased sediment delivery to the basin during the falling stage 810 

explains the observed episodes of progradation that are interrupted by flooding and 811 

associated delta back-stepping that occurred during relatively brief periods of sea-level rise. 812 

It does not account for the volume of sediment that would have been eroded from the delta 813 

and lost from the system, and the relatively high sand content of the late falling-stage (MIS 3) 814 

deltas implies significant loss of fines.    815 

The Brazos is currently a suspended-load-dominated river with an average 11:1 ratio 816 

of suspended load to bed load sediment (Paine and Morton, 1989).  A total of 5 transgressive 817 

channels occupy the Brazos incised valley between the coast and 65-km inland (Fig. 22).  818 

Their ages are reasonably well constrained using the radiocarbon-based stratigraphy for the 819 

valley-fill succession. On average, the river avulsed about every 2,400 years and the 820 

suspended load to bed load ratio did not change significantly during the past ~12 ka. 821 

The style of aggradation for under-filled valleys (Calcasieu, Sabine, Trinity, Lavaca, 822 

Copano, Nueces and Baffin Bay valleys) was different from that of overfilled valleys.  Only the 823 

deepest part of under-filled valleys contain lowstand and early transgressive fluvial 824 

sediments; the majority of their valley fill consists of bayhead delta, bay and tidal delta 825 

deposits that are younger than ~ 10 ka (Simms et al., 2006b; Milliken et al., 2008a, b, 826 
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Anderson et al., 2008; Maddox et al., 2008; Simms et al., 2008, 2010; Troiani et al., 2011) (Fig. 827 

21), indicating that they too were purged of older sediments during the falling stage and 828 

lowstand.   The lower 50 km of the onshore Trinity incised valley contains ~12.0 km3 of 829 

sediment.  Of this, ~3.0 km3 is fluvial sediment and the remaining ~9.0 km3 is mostly fine-830 

grained bayhead delta and bay deposits that are younger than ~10 ka, yielding a Holocene 831 

VAR of about 0.9 km3/kyr, or about one third the VAR for the Brazos River.  Today the Brazos 832 

River sediment discharge is approximately twice that of the combined Trinity and San 833 

Jacinto Rivers (Table 1). 834 

 835 

5.4. Climate-Induced Changes in the Sediment Discharge of Rivers 836 

 837 

Results from numerical modeling studies by Perlmutter et al. (1998) suggest that 838 

changes in the delivery of sediment from the hinterland are most pronounced during 839 

transitions between wet and dry climatic conditions.  Hidy et al. (2014) used cosmogenic 840 

10Be to determine Texas river catchment denudation rates, largely from glacial or interglacial 841 

interval terrace deposits over the past half million years. Their results indicate that these 842 

rates are 30–35% higher during interglacial periods relative to glacial periods, and are 843 

connected broadly with temperature. Given these findings, what can be deduced from the 844 

sedimentary record?  845 

Paleoclimate records for Texas (Toomey et al., 1993; Humphrey and Ferring, 1994; 846 

Nordt et al., 1994, 2002; Wilkins and Currey, 1999; Russ et al., 2000; Buzas-Stephens et al., 847 

2014) indicated millennial-scale oscillations in temperature and precipitation (Fig. 6).  So, 848 

climate-controlled variations in sediment supply likely occurred at a faster pace than the 120 849 
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ka glacial/interglacial cycles.  Indeed, along the northwestern Gulf Coast climatic changes, 850 

especially precipitation, were not always in sync with global climate change and, as is the 851 

case today, indicate variable patterns across Texas.  Further complicating the relationship 852 

between climate and sediment yields of rivers is the fact that the larger rivers, including the 853 

Brazos, Colorado and Rio Grande rivers, span more than one climate zone.   854 

Our study has revealed Brazos, Colorado and Rio Grande deltas resting above the MIS 855 

2 sequence boundary, indicating that these deltas formed during the MIS 1 sea-level rise.  856 

Limited radiocarbon age control and the locations and water depths of these deltas indicate 857 

formation between ~11.5 and ~8.0 ka.  Of these three, the Colorado delta was mapped in the 858 

greatest detail (Snow, 1998) and yielded a total volume of 10.8 km3 (Van Heijst et al., 2001). 859 

During this time interval, the VAR = 3.09 km3/kyr (MAR of 4.91 106 t/yr), which is almost 860 

twice the estimated current flux of 2.8 106 t/yr (Table 1).  This does not account for loss of 861 

fine-grained sediments, transgressive ravinement of the delta or for the sediments that were 862 

accumulating in the lower portion of the onshore valley during this time interval.   This 863 

episode of high sediment discharge and delta growth occurred when the average rate of sea-864 

level rise was 4.2 mm/yr (Fig. 15) and culminated when the climate in Texas was in 865 

transition from a prolonged cool-wet interval to warm-dry conditions associated with the 866 

Climatic Optimum (Fig. 6).   Following this time, aggradation shifted onshore to the Brazos 867 

and Colorado valleys, and presumably the Rio Grande valley, and offshore delta growth has 868 

been restricted to wave-dominated deltas that have been mostly eroded by transgressive 869 

ravinement (Abdulah et al., 2004; Banfield and Anderson, 2004). 870 

Evidence for climate-induced changes in the sediment supply during the Holocene 871 

comes also from the Calcasieu, Sabine-Neches, Trinity, Lavaca, and Nueces incised-valley fill 872 
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successions. Extensive and thick bayhead delta deposits within these valleys record episodes 873 

of significant growth during the early Holocene (Anderson et al., 2008; Milliken et al., 874 

2008a,b; Maddox et al., 2008; Simms et al., 2008), as illustrated using the Trinity incised 875 

valley (Fig. 21).  After ~7.5 ka, bayhead deltas decreased in size and sedimentation within 876 

the bays and became dominated by estuarine processes.  By the late Holocene, sedimentation 877 

within Baffin Bay shifted from that of dominant fluvial influence to the current unique suite 878 

of more arid depositional environments (Simms et al., 2010), striking evidence for the shift 879 

from cool-wet conditions of the early Holocene to warm-dry conditions of the mid-late 880 

Holocene in south Texas (Fig. 6). 881 

In summary, our results indicate that the export of sediments from the hinterland to 882 

the continental shelf (e.g., Romans et al., This Volume) was not directly in step with global 883 

temperature change, but rather varied in response to higher frequency climate oscillations 884 

between warm-dry and cool-wet conditions.  885 

 886 

5.5. Lowstand Fan Deposition 887 

 888 

During the MIS 2 lowstand, the B-T, Colorado and Rio Grande Rivers all supplied slope 889 

fans with sediment.  What these slope fans hold in common is that they all exist down slope 890 

of shelf-margin deltas that remained relatively fixed in their locations during the culminating 891 

MIS 2 drop in sea level.   The exception to this was the Western Louisiana delta, which was 892 

abandoned by its fluvial feeders prior to the MIS 2 fall, although this shelf-margin delta may 893 

have been a source of sediment for the B-T fan.  Of these three slope fan systems, only the B-894 

T system has been studied in detail and it is the only system in which the timing of fan 895 
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evolution is constrained (Prather, 2012; Pirmez et al., 2012).  896 Satterfield and Behrens (1990) and Winker (1996) proposed a “fill and spill” model 897 

whereby four minibasins on the upper slope and down-dip of the B-T valley were filled in 898 

successive fashion.  Pirmez et al. (2012) concluded that, of the ~62 km3 of sediment that 899 

accumulated in all four minibasin since ~115 ka, ~49 km3 accumulated since ~24.3 ka and 900 

that 83% of that sediment accumulated in Basin I, the upper-most basin.  Their results 901 

showed a dramatic (40-fold) increase in flux after ~24 ka.  902 

Pirmez et al. (2012) recognized four components of the sediment budget in their 903 

source-to-sink analysis of the B-T system:  (1) sediment delivered directly from the river 904 

drainage basins; (2) sediments generated locally by erosion in various parts of the system; 905 

(3) sediment accumulated on the shelf and in outer-shelf deltas; and (4) deep water 906 

contributed material.  Using a simple triangle wedge of uniform (120 m) thickness spread 907 

along the entire extent of the lowstand delta and an average sediment porosity of 40%, they 908 

estimated a volume of 45 km3.  They further estimated that 20-25 km3 of sediment was 909 

delivered to the fan complex between 24.3 and 15.3 ka, which is about a quarter of the total 910 

sediment discharge (based on modern sediment discharge rates) for the combined Trinity, 911 

Sabine and Brazos rivers (~11 km3/ka), during this time interval.  Thus, of the four perceived 912 

sources of sediment to the B-T lowstand delta and slope fan complex, a large portion was 913 

accounted for by direct sediment supply from rivers.  914 

Pirmez et al. (2012) concluded that sediment flux to the B-T fan did not vary in 915 

response to higher frequency oscillations of sea level during MIS 4 or at the end of MIS 3 and 916 

that sediment supply continued even after sea-level rise began at the end of MIS 2.  This was 917 

consistent with continued growth of the B-T delta at this time (Wellner et al., 2004). 918 
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 919 

5.6. Transgressive and Highstand Processes 920 

 921 

At the end of MIS 2, sea level rose rapidly, forcing the shoreline to migrate landward 922 

at rates of a few tens of meters per year.  During this time, falling-stage deltas were 923 

decapitated by transgressive ravinement, providing the main source of sand for the evolving 924 

coastal system (Anderson et al., 2014) and a source of silt and clay in the initial growth of the 925 

Texas Mud Blanket (Weight et al., 2011).  On the inner shelf and inland, incised valleys were 926 

filled with sediment. Aggradation within these valleys was dominated by sea-level rise and, 927 

for the most part, was complete by the late Holocene.  928 

The overall stratigraphic signature of the transgression was one of landward stepping 929 

coastal deposits and incised-valley fill deposits.  This back-stepping stratigraphic character 930 

resulted, in part, from the episodic nature of sea-level rise, which was punctuated by 931 

episodes of rapid rise that varied by many meters in a century, in the case of Meltwater Pulse 932 

1A (Fairbanks, 1989), to small amplitude (sub-meter) events, such as the well documented 933 

8.2 ka sea-level event (Törnqvist et al., 2004a; Rodriguez et al., 2010).  This episodic nature 934 

of sea-level rise is considered to be characteristic of glacial eustasy because of the multiple 935 

variables that control ice-sheet retreat (Anderson et al., 2013).  Hence, this punctuated style 936 of coastal evolution on low gradient continental shelves should be typical of “ice house” 937 

conditions. 938 

Approximately 4,000 years ago, the rate of sea-level rise in the northern Gulf of 939 

Mexico decreased from an average rate of 1.4 mm/yr to an average rate between 0.4 mm/yr 940 

to 0.6 mm/yr (Fig. 15).  This was when most of the coastal barriers of Texas began to form, 941 
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although the timing of their formation varied along the coast (Fig. 27). Formation of barriers 942 

resulted in greater trapping capacity of bays, so the delivery of sediment from smaller rivers 943 

to the Gulf of Mexico was minimal during the current highstand. 944 

The TMB was the dominant depositional feature of the western Gulf during the late 945 

Holocene (Fig. 29).  It filled a large embayment in the central Texas shelf between the falling-946 

stage Colorado and Rio Grande deltas, had a total volume of 172 km3, and formed mainly 947 

after 3.5 ka, indicating an average VAR of ~49 km3/kyr (81 x 106 t/yr) (Fig. 30). This was, by 948 

far, the highest VAR at any time during the last glacial-eustatic cycle for any depositional 949 

system in the study area.  Clay mineralogical analyses of the TMB showed that most of this 950 

sediment came from the Mississippi River and the remaining portion came from the 951 

combined Brazos and Colorado rivers (Weight et al., 2011).  952 

Weight et al. (2011) argued that by ~ 4 ka, accommodation within the lower Brazos 953 

and Colorado incised valleys had been filled, resulting in greater sediment throughput and 954 

delivery to the TMB.  Our VAR estimate derived from aggradation rates for the lower Brazos 955 

valley for the period between 8 ka to Present is 3.0 km3/kyr. Given the similar aggradation 956 

histories for the lower Brazos and Colorado valleys, we assume a similar VAR for the 957 

Colorado River during this time interval. Thus, the combined Brazos and Colorado rivers 958 

likely contributed less than 10% of the total volume of sediment composing the TMB.   959 

Weight et al. (2011) point out that the flux to the TMB is only about 20% of the 960 

current Mississippi River sediment discharge.  Thus, it is believed that the Mississippi River, 961 

which is approximately 1,000 kilometers to the east, was the main contributor of sediment to 962 

the TMB. There are other places across the planet where sediment is transported great 963 

distances from its source (e.g., Wright and Nittrouer, 1995; Allison et al., 2000; Liu et al., 964 
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2009; Ridente et al., 2009; Walsh and Nittrouer, 2009), but the TMB is one of the best 965 

documented in terms of its distribution, thickness and chronostratigraphic constraints on 966 

deposition. 967 

 968 

5.7. The Anthropocene and Future Directions 969 

 970 

It is beyond the scope of this paper to describe and discuss the human impact on the 971 

natural source-to-sink system.  However, there is little question that humans have assumed a 972 

major role in sediment delivery, distribution and deposition in modern time.  This is manifest 973 

as modern sediment yields of some rivers that are disproportionate with drainage-basin size 974 

and precipitation, undernourished deltas and coasts and, in the case of the modern Brazos 975 

delta, complete alteration of the delta location (see Anderson et al., 2014 for recent review).  976 

This paper provides a framework (Fig. 31) for future work aimed at quantifying natural and 977 

anthropogenic influences on sedimentation and will hopefully provide a natural laboratory 978 

for refining quantitative source-to-sink models aimed at linking sedimentary processes to 979 

the stratigraphic record.  980 

 981 

6. Conclusions 982 

 983 

1. This study demonstrates that source-to-sink analysis in low gradient basin settings 984 

requires a long-term perspective because most of the sediment delivered to the basin 985 

by rivers undergoes more than one cycle of sedimentation (Fig. 31). Sediment supply 986 

to depocenters was dominated by episodic sea-level change during the falling stage 987 
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(MIS 5-3), and during the transgression (MIS 1) by episodic sea-level rise and climate-988 

controlled variations in sediment supply.  989 

2. During the falling stage, high-frequency oscillations in sea level (tens of meters over 990 

millennial time scales), coupled with low rates of subsidence on the inner shelf, 991 

resulted in erosion and recycling of sediments from the inner shelf and an overall 992 

increase in sediment delivery to the outer shelf where subsidence is much faster (Fig. 993 

31).   994 

3. Filling and purging of incised valleys and expansion of source areas via merging of 995 

coastal plain rivers and streams contributed to the increased sediment delivery to 996 

deltas during the overall sea-level fall.  Recycling led to winnowing of fines and 997 

enrichment of sand that accumulated in delta mouth bars, lowstand deltas, and slope 998 

fans.   999 

4. Climate influence on sediment supply to individual depocenters was spatially and 1000 

temporally variable.  As a result, we observe no simple relationship between 1001 

temperature and the delivery of sediment to the basin.   However, changes in 1002 

precipitation likely contributed to observed changes in sediment supply at millennial 1003 

time scales and contributed to this variability.  1004 

5. Slope fans of the northwestern Gulf basin experienced unique evolution due to 1005 

different influences and connectivity to falling-stage and lowstand deltas that were 1006 

important sources of sediment to these fans.   1007 

6. The lower reaches of the incised valleys of the study area, regardless of discharge and 1008 

size, were deeply eroded during the MIS 2 lowstand and aggradation of these valleys 1009 

occurred mainly during the MIS 1 transgression.  The Brazos, Colorado and Rio 1010 
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Grande rivers filled their valleys with fluvial sediments while smaller rivers filled 1011 

their valleys with fluvial, bayhead delta, bay, and tidal-delta deposits. 1012 

7. During the MIS 1 transgression, falling-stage deltas were reworked by transgressive 1013 

ravinement, providing the principle sand source for modern coastal environments.   1014 

8. Episodic sea-level rise during the MIS 1 transgression (~17 ka to ~4.0 ka) profoundly 1015 

influenced coastal evolution, as manifested by landward stepping shorelines and bay 1016 

environments on the order of tens of kilometers within a few thousand years.  1017 

9. During the current Holocene highstand (~4.0 ka-Present), silts and clays delivered to 1018 

the northwestern Gulf by the Mississippi, Brazos and Colorado rivers accumulated in 1019 

a thick and extensive mud blanket on the central Texas shelf, the Texas Mud Blanket.   1020 

This remarkable increase in the delivery of fine-grained sediments to the shelf is 1021 

attributed mainly to an increase in westward-directed winds and surface currents 1022 

that delivered suspended sediments from the Mississippi River to the Texas shelf.  1023 
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 1489 

 1490 

Figure Captions 1491 

1. Map showing drainage basins of rivers that drain into the northern Gulf of Mexico.  The 1492 

area is characterized by a significant difference in precipitation from east to west across 1493 

the area as shown by average precipitation gradients (modified from Anderson et al., 1494 

2004).  1495 

2. Composite oxygen isotope records (modified from Labeyrie et al., 1987; Shackleton, 1496 

1987; open circles = Bard et al., 1990; closed circles and triangles = Chappell et al., 1996; 1497 

Anderson et al., 2004) calibrated with U-Th dates on corals used as a proxy sea-level 1498 

curve for this paper.  Also shown are the marine oxygen isotope stages (MIS). The most 1499 

poorly constrained portion of the curve is the initial MIS 3 lowstand and highstand 1500 

(designated with arrows), which have uncertainties of up to 30 meters.  Modified from 1501 

Anderson et al., 2004.   1502 
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3. Rice University high-resolution seismic data used for this study.  The box designates the 1503 

area on the western Louisiana continental shelf where dense (average one mile spacing) 1504 

grids of high-resolution seismic data acquired by the USGS (see Berryhill, 1987) and 1505 

Texaco Oil Company (see Wellner et al., 2004) were available for this investigation. Also 1506 

shown are the locations of bays where detailed studies have been conducted.  LC=Lake 1507 

Calcasieu, SL=Sabine Lake, GB=Galveston Bay, MG=Matagorda Bay, CB=Copano Bay, 1508 

CCB=Corpus Christi Bay and BB=Baffin Bay. The approximate location of the Ingleside 1509 

Paleoshoreline is shown (from Simms et al., 2013). Also shown are the trends of the San 1510 

Marcos and Sabine Arches. 1511 

4. Interpreted seismic lines G-300x and Line G-90Y, two connecting dip-oriented profiles 1512 

collected along the depositional axis of the falling-stage Brazos delta (modified from 1513 

Rodriguez et al., 2000b; Anderson et al., 2004).  Major seismic surfaces are also shown. 1514 

5. Bathymetric map and profiles illustrating variation in Texas continental shelf 1515 

physiography. Also shown is the trend of the San Marcos Arch. 1516 

6. Summary of late Pleistocene - Holocene paleoclimate investigations from Texas (modified 1517 

from Weight et al., 2011). 1518 

7. Major surface currents of the northern Gulf of Mexico.  Also shown is the coastal 1519 

convergence zone (from McGowen et al., 1977).  Solid arrows represent mean current 1520 

directions and dashed arrows show migratory loop currents.  LCR=loop current ring and 1521 

CR=cyclonic rings (modified from Sionneau et al., 2008). 1522 

8. Falling-stage (MIS 5-3) channels of the western Louisiana continental shelf (modified 1523 

from Suter and Berryhill, 1985).  The dashed lines subdivide three distinct channel belts.  1524 

The eastern channel belt merges seaward with the Mississippi shelf margin delta.  A 1525 
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second, narrower western channel belt merges with MIS 3 Western Louisiana delta 1526 

(WDL).  The western most channel belt includes the Calcasieu and Sabine channels.  See 1527 

Suter (1987) and Suter and Berryhill (1985) for more detailed map and discussion. 1528 

MRCC=Mississippi River channel complex; WCC= Western channel complex. 1529 

9. Paleogeographic map showing major falling-stage depositional systems of the study area 1530 

(modified from Suter and Berryhill, 1985; Anderson et al., 2004). Note the repeated 1531 

cycles of progradation and backstepping exhibited by the Brazos delta. 1532 

10. Paleogeographic map of MIS 3 falling-stage deltas on the western Louisiana and east 1533 

Texas continental shelves (modified from Anderson et al., 2004).  Sandy mouth bars 1534 

highlighted in yellow.  Also shown are seismic lines 34 and 12 that illustrate seismic 1535 

facies used to map these deltas.  Note cut-and-fill, chaotic seismic faces characteristic of 1536 

sandy mouth bar facies.  Two oil company platform borings near line 34 provide 1537 

lithological ground truth for seismic facies interpretations, with yellow indicating sand 1538 

and gray representing mud.  Note also that mouth bars are incised into prodelta muds, a 1539 

result of falling sea level (forced regression).  See Abdulah et al. (2004) and Wellner et al. 1540 

(2004) for details. Two-Way Travel Time in seconds. 1541 

11. Paleogeographic map showing major lowstand depositional systems (modified from 1542 

Anderson et al., 2004; Simms et al., 2007; Anderson and Rodriguez, 2008; Pirmez et al., 1543 

2012) plotted on a digital elevation map of the MIS 2 exposure surface (sequence 1544 

boundary). 1545 

12. Detailed maps of incised valleys beneath Sabine (Sabine valley), Galveston (Trinity 1546 

valley), Matagorda (Lavaca valley) and Baffin (Baffin valley) bays illustrating differences 1547 

in valley geomorphology (modified from Williams et al., 1979; Smyth, 1991; Maddox et 1548 
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al., 2008; Rodriguez et al., 2005). Also shown are valley cross sections to illustrate 1549 

similarities in valley fills. 1550 

13. Structure contour map of Rio Grande incised valley and associated lowstand delta-fan 1551 

complex (modified from Banfield and Anderson, 2004). 1552 

14. Bathymetric map (modified from GeoMapApp) of east Texas continental slope showing 1553 

salt-withdrawal minibasins where small fans associated with the Brazos-Trinity (B-T) 1554 

lowstand valley accumulated (within orange box).  Also shown is the approximate 1555 

location of the MIS 2 lowstand valley and delta and seismic section G-410 (modified from 1556 

Anderson et al., 2004) illustrating the lowstand delta and fan deposits within one of these 1557 

minibasins and the location of Seismic profile H-29 (Fig. 17).  MIS 2-1 RS = MIS 2-1 1558 

ravinement surface, SB2 = MIS 2 sequence boundary, 5e MFS = MIS 5e maximum flooding 1559 

surface.  Small lowercase letters designate stratigraphic units as shown in figure 17. 1560 

15. Composite linear regression Gulf of Mexico sea-level index-point curve for the past 1561 

10,000 years (modified from Milliken et al., 2008c; Anderson et al., 2014). See these 1562 

references for full methodologies, error bars for points, and nonlinear regression.   1563 

16. Paleogeographic map showing major depositional systems of the MIS 1 transgression 1564 

(compiled from Snow, 1998; Van Heijst et al., 2001; Anderson et al., 2004; Banfield and 1565 

Anderson, 2004; Simms et al., 2007; Anderson and Rodriguez, 2008; Weight et al., 2011).  1566 

Arrows show direction of back-stepping valley fill facies. 1567 

17. Seismic profile (HI-) 29 showing lowstand Trinity-Sabine-Brazos delta (modified from 1568 

Wellner et al., 2004). Letters designate individual clinoform units based on the seismic 1569 

stratigraphic analysis of Wellner et al. (2004). Note the downward shift in offlap break for 1570 

clinoform sets c-g followed by an upward shift for clinoforms h-j.  The slope-parallel 1571 
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shape of the delta indicates that these shifts record changes in sea level and not lobe 1572 

shifting events.  This indicates that growth of the delta continued after sea level began to 1573 

rise, which is supported by radiocarbon ages (modified from Wellner et al., 2004). 1574 

18. Seismic line 36b across transgressive Rio Grande delta showing varying clinoform dips 1575 

indicative of lobe shifting.  Also shown is the sequence boundary as defined by Banfield 1576 

and Anderson (2004). The map shows the reconstruction of the delta based on seismic 1577 

lines shown with gray lines (modified from Banfield and Anderson, 2004). 1578 

19. Highly exaggerated (300X) digital elevation map showing the sediment underfilled 1579 

Trinity incised valley, now occupied by Galveston Bay, and the sediment overfilled Brazos 1580 

incised valley.  Dashed white lines denote valleys.  Compiled from Aslan and Blum, 1999; 1581 

Anderson et al., 2004; Taha and Anderson, 2008.  The ~ 50 km wide coastalplain, which is 1582 

characterized by relatively flat relief, is also designated. 1583 

20. Map showing contemporaneous back-stepping bayhead deltas (1-4) and tidal inlet (1-V) 1584 

pairs within the offshore Trinity valley (modified from Thomas and Anderson, 1994).   1585 

21. Stratigraphic section along the axis of the Trinity incised valley (modified from Anderson 1586 

et al., 2008), now occupied by Galveston Bay, constructed from seismic lines and drill 1587 

cores collected along the valley axis (vertical lines with core numbers).  Also shown are 1588 

radiocarbon ages obtained from cores and approximate depths and ages of flooding 1589 

surfaces that correspond to back-stepping bay facies. 1590 

22. Oblique 3-D perspective of the Brazos incised valley showing channels that merge 1591 

upstream into an avulsion node.  Map is based on more than 400 water well descriptions 1592 

(Taha and Anderson, 2008). Channel sands were not mapped for either Jones Creek or 1593 

the modern Brazos River.   1594 
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23. Axial (A-A’) profile for the Brazos valley illustrating aggradation history based on 1595 

radiocarbon ages (from Bernard et al., 1970; Abbott et al., 2001; Sylvia and Galloway, 1596 

2006; Taha and Anderson, 2008) for the Brazos incised valley (modified from Taha and 1597 

Anderson, 2008).  Map shows locations of profiles. 1598 

24. Cross-valley profile (B-B’) for the Brazos valley (see Fig. 23 and caption for transect 1599 

location and references). Also shown is a comparison of aggradation rates between the 1600 

Colorado and Brazos incised valleys, along-strike and 40 km from the modern coastline 1601 

(modified from Taha and Anderson, 2008).  Note the similarity between aggradation 1602 

rates from 12 to 6 ka, based on calibrated radiocarbon ages from 6 cores (5 cores in the 1603 

Brazos and 1 core in the Colorado). The composite Holocene sea-level curve for the 1604 

northern Gulf of Mexico (see figure 15) is shown with blue lines denoting 6 ka and older. 1605 

Note that aggradation tracks sea-level rise. 1606 

25. Vertical distribution of 8,800 m of Clay and Sand descriptions from water wells logged in 1607 

the lower 60 km of the Brazos Valley.  All chosen cutting descriptions are positioned 1608 

above the inferred Stage 2 sequence boundary, with surface elevations between 0 and 16 1609 

m above sea level, depending on distance from coast. 1610 

26. Seismic profile across offshore falling-stage channel, which is characterized by chaotic-1611 

complex seismic facies, and transgressive ravinement surface capped by acoustically 1612 

laminated seismic facies of Holocene marine mud (modified from Wellner et al., 2004).  1613 

An oil company platform boring that sampled the channel is also shown.  Sa=sand, 1614 

Si=interbedded sand and mud, and M=marine mud. 1615 

27. Summary of Texas barrier island evolution showing variable timing of formation of 1616 

different barriers (modified from Anderson et al., 2014).  Also shown is the composite 1617 
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Holocene sea-level curve (see figure 15) for the northern Gulf of Mexico and historical 1618 

shoreline migration rates.  Orange arrows designate ages of major contemporaneous 1619 

flooding surfaces in area bays. 1620 

28. Paleogeographic reconstructions illustrating the Holocene evolution of Galveston Bay 1621 

(modified from Anderson et al., 2008). Note that the bay evolves from deep and narrow 1622 

to broad and shallow as the valley is flooded and filled with sediment. Also shown is a 1623 

cross section of the valley illustrating changes in bay area and shape through time (see 1624 

figure 12). 1625 

29. Interpreted and uninterpreted seismic Line 1 illustrating acoustically laminated 1626 

character of the Texas Mud Blanket and map showing distribution of the mud blanket 1627 

(modified from Weight et al., 2011).  Also shown is the location of Line 1.  Conversion of 1628 

two-way travel time to meters was done using 1807m/s and is only valid above sequence 1629 

boundary. 1630 

30. Sediment flux history for the Texas Mud Blanket related to the sea-level record (modified 1631 

from Weight et al., 2011- see for full descriptions of references for this figure).  1632 

31. Summary figure illustrating sedimentary events and associated stratigraphic architecture 1633 

for Falling Stage, Lowstand, Transgressive and Highstand Systems Tracts.  Also shown is 1634 

the relevant section of the sea-level curve for each systems tract. 1635 

 1636 

Table Caption 1637 

1. Table describing depocenter location, MIS Stage, the relevant time interval, and calculated 1638 

volumes/sediment fluxes. Also shown are the modern rivers and their associated sediment 1639 

discharge values. 1640 
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Depocenter MIS Stage Time Volume VAR MAR Modern Modern sediment 

Interval (ka) (km
3
)  km

3
/kyr (10

6
 t/y)* River discharge (10

6
 t/y)

Colorado Delta Late MIS 3 40 - 23 21 1.24 1.96 Rio Grande
(4)

36.9

Colorado Delta MIS 2 22 - 11.5 77 7.33 11.66 Nueces
(2)

0.68

Colorado Delta (volume from
 5
) MIS 1 11.5 - 8.0 10.8 3.09 4.91 Lavaca

(2)
0.15

Brazos Delta MIS 5e-5b 120 - 90 33 1.10 1.75 Brazos
(4)

12.4

Brazos Delta MIS 5a-4 80 - 60 27 1.35 2.15 Colorado
(4)

2.8

Brazos Delta MIS 3 55 - 23 112 3.50 5.57 San Jacinto/Trinity
(3)

6.2

Brazos Lower Incised Valley MIS 1 20 - Present 28.6 1.43 2.27 Sabine
(1)

0.75

Brazos Lower Incised Valley MIS 1 8 - Present 24 3.00 4.77 Mississippi
(4)

427.9

Trinity Valley Bay Deposits MIS 1 10 - Present 9 0.90 1.43

Purging of Brazos valley MIS 1 20 - 12 24 3.00 4.77

Texas Mud Blanket (from Weight et al., 2011) MIS 1 9.0 - 8.0 41 41.00 68.50

Texas Mud Blanket (from Weight et al., 2011) MIS 1 3.5-Present 172 49.14 81.00

Modern Coast MIS 1 4 - Present 13 3.25 5.17

*Assumptions unless otherwise noted: 

100% Quartz, 40% porosity

(1)
 Milliman and Syvitski, 1992

(2)
 Shepard, 1953

(3)
 Seaber et al., 1987

(4)
 from Weight et al., 2011 using QBART

    (Syvitski and Milliman, 2007)
(5)

 Van Heijst et al., 2001

Table 1

http://ees.elsevier.com/earth/download.aspx?id=149429&guid=23f9ceff-0bbe-48fa-8519-0b7bdd15e966&scheme=1

