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ABSTRACT

In past decades, numerous studies have focused on the alluvial sedimen-
tary record of basin fill. Paleo–drainage basin characteristics, such as drainage 
area or axial river length, have received little attention, mostly because the 
paleo–drainage system underwent erosion or bypass, and its record is com-
monly modified and overprinted by subsequent tectonism or erosional pro-
cesses. In this work, we estimate the drainage areas of early Miocene systems 
in the Gulf of Mexico basin by using scaling relationships between drainage 
area and river channel dimensions (e.g., depth) developed in source-to-sink 
studies. Channel-belt thickness was used to estimate channel depth and was 
measured from numerous geophysical well logs. Both lower channel-belt 
thickness and bankfull thickness were measured to estimate the paleo–water 
depth at low and bankfull stages.

Previous paleogeographic reconstruction using detrital zircon and petro-
graphic provenance analysis and continental geomorphic synthesis constrains 
independent estimates of drainage basin extent. Comparison of results gener-
ated by the two independent approaches indicates that drainage basin areas 
predicted from channel-belt thickness are reasonable and suggests that bank-
full thickness correlates best with drainage basin area. The channel bankfull 
thickness also correlates with reconstructed submarine fan dimension. This 
work demonstrates application to the deep-time stratigraphic archive, where 
records of drainage basin characteristics are commonly modified or lost.

INTRODUCTION

Drainage basin area, which controls sediment supply and water discharge 
to sedimentary basins, has a strong influence on sediment distribution and 
rock architecture in the basin (Sømme et  al., 2009a; Davidson and Hartley, 
2014). A quantitative analysis of paleo-drainage area for a specific unit would 
also provide a better understanding of sediment provenance and paleoclimate 
at the source terranes. However, such work on reconstructing paleo-drainage 
area has received less attention compared to the numerous studies focused on 
the alluvial sedimentary record of basin fill.

Recent advances in source-to-sink (S2S) analysis provide a method for 
calculating paleo–drainage basin area by examining the dimensions of sedi-

mentary strata in the basin. The S2S analysis considers whole-sediment ero-
sional-depositional processes as a contemporaneous and genetically linked 
system (Allen, 2008a; Sømme et al., 2009a, 2009b; Fig. 1). Among the compo-
nents of the S2S system, tectonics and climate, acting on the drainage basin 
area, determine sediment supply and water discharge (Fig. 2A; Matthai, 1990; 
Milliman and Syvitski, 1992; Syvitski and Milliman, 2007; Allen, 2008b; Sømme 
et al., 2009a). Although fluvial deposits are volumetrically minor in most basin 
fills, the majority of the basin fill transits from source to sink through fluvial 
channels (Galloway, 1981; Hovius, 1998), and channel flow is thus a key link be-
tween upstream drainage basin and depositional sinks. Therefore, sediments 
deposited in fluvial settings should preserve critical signals that could be used 
to estimate the key parameters of S2S systems (Blum and Törnqvist, 2000; 
Blum and Womack, 2009). In this study, the term “channel belt” is used to 
mean both the channels defined by two adjacent river cutbanks and fluvial 
deposits that preserved in the three-dimensional stratigraphic record.

Studies of modern and Quaternary fluvial systems have explored the rela-
tionships among channel-belt dimensions, drainage area, and water discharge 
(e.g., Leopold and Maddock, 1953; Ethridge and Schumm, 1977; Matthai, 1990; 
Davidson and North, 2009; Blum et  al., 2013). Investigation of 488 modern 
 rivers by Syvitski and Milliman (2007), covering 63% of the global land surface, 
suggests a strong correlation between drainage area and river discharge (Fig. 
2A). Blum et al. (2013) measured Quaternary fluvial systems in different tec-
tono-climatic regions and found that channel bankfull depth (or channel-belt 
thickness) has a positive correlation with bankfull discharge (Fig. 2B). Ander-
son et al. (2004, 2016) documented a strong correlation between river sedi-
ment flux and drainage basin area in the late Quaternary glacioeustatic cycles 
in the northern Gulf of Mexico (GOM) margin.

In addition, climate has greatly affected river discharge; a humid climate 
could generate a relatively deep channel depth with a small water-contributing 
area (Feldman et al., 2005; Gibling, 2006; Davidson and North, 2009; Davidson 
and Hartley, 2014; Bhattacharya et al., 2016). Local studies of drainage within a 
specific climatic, lithologic, and hydrologic region indicate a strong correlation 
among drainage area, mean channel depth, and climate (Fig. 2C; Davidson 
and North, 2009).

To estimate the drainage basin area of an ancient system, the key is to ex-
tract correct paleo-fluvial dimensions from outcrop or subsurface data. Miall 
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(2006) pointed out that the vertical dimension of a channel (depth) is more 
easily measured from well logs, cores, or outcrops and that these measure-
ments more reliably reflect features of ancient rivers than do river width and 
length estimated from limited outcrops. Some studies report that channel- 
belt deposits formed in bends of meandering rivers provide a good proxy 
estimate of paleo-channel depth (e.g., Leeder, 1973; Ethridge and Schumm, 
1977; Willis, 1989). Therefore, channel depth can be estimated by measur-
ing a completely preserved channel-bar-deposit package (Lorenz et al., 1985; 
Bridge and Tye, 2000; Bhattacharya and Tye, 2004; Miall, 2006; Holbrook and 
Wanas, 2014).

Some studies have attempted to recover drainage basin area from pre-
served channel deposits (e.g., Bhattacharya and Tye, 2004; Davidson and 
North, 2009; Davidson and Hartley, 2014). For example, Davidson and North 
(2009) used maximum preserved channel depth to calculate drainage area 
of an ancient rock unit by applying the scaling relationships derived from 
modern regional geomorphological curves. Knowledge of tectonic and cli-
matic conditions in an ancient system is required for guiding the selection of 
suitable modern systems having similar settings. Most previous studies have 
proven useful in a relatively small basin within a uniform tectonic and climatic 
region; this scaling relationship has not been tested in large, passive-margin 

basins that have diverse climatic, tectonic, topographic, lithologic, and geo-
morphic zones.

In this work, we statistically characterize several channel-belt dimensions 
using well logs and then use these results to calculate paleo-drainage area 
by employing the scaling relationship established on modern and Quaternary 
fluvial systems. As a data-rich basin having well-preserved fluvial-coastal plain 
deposits along its northern margin, the GOM provides an opportunity to test 
such scaling relationships using large, reconstructed early Miocene fluvial sys-
tems. Previous drainage-basin analysis using detrital zircon U-Pb analysis (Xu 
et al., 2016) was used as an independent test for the reliability of the prediction. 
We extend our analysis to the deep basin and test the correlation between the 
drainage basin area, basin length, and submarine fan area and length pro-
posed by Sømme et al. (2009a; Figs. 1 and 2D).

Our results have implications for deep-water exploration in the GOM, as 
lower Miocene sediment slope and basinal sandstones are one of the  major 
deep-water reservoirs in the basin. However, fan distributions and areas are 
commonly masked by a structurally complex salt canopy that developed 
during and after Miocene deposition. Therefore, channel-belt dimensional 
data obtained from onshore fluvial deposits could be a useful predictor of axial 
length of submarine channel sands.
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Figure 1. A simplified source-to-sink system 
model and channel-belt profile. (A) Large 
drainage systems usually produce greater 
sediment flux and water discharge, and 
thereby produce larger delta and sub-
marine fan systems, than do smaller ones. 
(B) Idealized cross-section of fluvial channel 
deposits on a low-gradient coastal plain. 
Channel deposits are the stratigraphic rec-
ord of the key linking pathway connecting 
sediment production in the source drain-
age basin and deposition in the deep basin.
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BACKGROUND

The Cenozoic GOM has been characterized by voluminous siliciclastic sedi-
ment influx from the North American hinterland to the basin. Major tectono- 
stratigraphic phases, including Laramide, mid-Cenozoic volcanism and ther-
mal uplift, Basin and Range, and Neogene glacial, produced four distinct 
sediment-routing and basin-filling histories (Fig. 3; Galloway, 2008; Galloway 
et  al., 2011), representing the Paleocene-Eocene, Oligocene, Miocene, and 
Pleistocene (Fig. 3). Two of these units, the Paleocene-Eocene Wilcox Group 
and the Miocene, are the major hydrocarbon production units in the GOM.

The early Miocene (ca. 23–15 Ma) was a transitional period of tectonic re-
organization in North America, changing from arid volcanogenic in the late Eo-

cene to early Miocene to arid extensional in the middle to late Miocene (Fig. 3). 
Arid climatic conditions extended from the Western Interior to the northwest 
GOM margin, whereas a humid climate prevailed in the eastern GOM coastal 
plain and Appalachian uplands (Galloway et al., 2011). The arid climate and 
Rio Grande extension in the Western Interior combined to be a major cause 
of the decreased sediment input in early Miocene time (Fig. 3). Rejuvenation 
of the Appalachians in the middle Miocene, combined with the wet climate, 
increased the delivery of sediment to the east-central GOM through the paleo–
Tennessee River. Together with the Mississippi River, the Tennessee formed 
a large deltaic depocenter. Consequently, the lower Miocene interval records 
both sediment-routing and linked depocenters shifting from the western GOM 
in the Paleogene to the central GOM in the Neogene (Galloway et al., 2011; 
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Figure 2. Scaling relationships between different components of source-to-sink systems: Correlations between river discharge and drainage area (A), bankfull discharge and channel-belt thickness 
(B), drainage area and mean channel bankfull depth (C), and drainage area and submarine fan area (D). Panels A to D are replotted from Syvitski and Milliman (2007); Blum et al. (2013); Moody et al. 
(2003) and Metcalf (2004); and Sømme et al. (2009a), respectively.
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Bentley et al., 2016; Fig. 3). Recent exploration success in deep-water drilling 
suggests that Miocene submarine fans ran out hundreds of kilometers onto 
the abyssal plain.

Two major transgressive shales bound the lower Miocene depositional 
sequence: the Amphistegina B shales at the top and the Anahuac shales at 
the base (Fig. 3). Lower Miocene strata can be separated into two subunits, 

informally termed lower Miocene 1 (LM1) and lower Miocene 2 (LM2), by a 
transgressive shale dated as ca. 18 Ma (Galloway et al., 1986).

The paleogeography constructed by Galloway et al. (2011) is based upon 
previous studies of the Cenozoic tectono-climatic history of the North Amer-
ican interior (source) and the depositional record in the GOM basin (sink). 
This compilation indicates that in the early Miocene, the northern GOM had 
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 multiple synchronous fluvial systems, ranging from large extra-basinal rivers 
to local intra-basinal streams (Galloway, 1981; Galloway et al., 2011; Figs. 3, 4, 
and 5). A few large rivers, including the paleo-Mississippi and paleo-Red rivers 
and the paleo–Rio Grande, carried voluminous sediments and deposited thick 
fluvial-deltaic deposits onto the coastal plain and shelf and onto linked sub-
marine fans in the abyssal plain (Galloway et al., 2000, 2011; Galloway, 2008; 

Figs. 3, 4, and 5). Smaller intra-basinal streams, including the paleo-Guadalupe 
and paleo–Houston-Brazos rivers, were minor sediment conveyers that only 
built small bay-head deltas and shore zones in the northwestern GOM (Ander-
son et al., 2014; Figs. 3, 4, and 5).

Several differences exist between the drainage systems in the early Mio-
cene and their modern counterparts. Detrital zircon provenance analysis 
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of lower Miocene strata suggests the presence of very limited amounts of 
Archean- aged zircons from corresponding basements in northern Wyoming 
and in Canadian shields; thus, the drainage connection between the GOM and 
northern Wyoming, Montana, and Canada was weak (Xu et al., 2016; Fig. 4). 
The paleo–Upper Missouri River and the paleo–Ohio River might have not fully 
integrated into a southward-flowing system until the Pliocene–Pleistocene 
(Galloway et al., 2011; Blum and Roberts, 2012; Bentley et al., 2016). Alterna-

tively, the paleo–Ohio River flowed northeastward and joined the pre-glacial 
St. Lawrence River in the early Miocene (Hoagstrom et  al., 2014, and refer-
ences therein), whereas the Miocene Upper Missouri River flowed northward 
and merged with the pre-glaciation Bell River in Canada (Howard, 1958; Sears, 
2013; Fig. 4). The Red River drained the southern Rocky Mountains (Galloway 
et al., 2011; Dutton et al., 2012; Xu et al., 2016) and fed the large Calcasieu delta 
in western Louisiana through eastern Texas (Fig. 5). Sediments deposited in 
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this deltaic depocenter, as much as ~2500 m thick, imply that the Red River was 
one of the largest fluvial systems during early Miocene time. The Red River did 
not merge with the Mississippi River; it was a separate fluvial system for the 
GOM until the Holocene (Saucier, 1994; Galloway et al., 2011).

DATABASE AND METHODOLOGY

Database

A complete succession of point-bar deposits in outcrop can be used to esti-
mate channel depth. However, lower Miocene outcrop exposures are few and 
generally small, and they rarely display a complete channel-belt succession. 
Measurement of channel-belt thickness in this study is therefore based on sub-
surface well logs. Logs from 94 wells were used to measure the channel-belt 
thickness of five major early Miocene rivers on the GOM Coast: the paleo-Mis-
sissippi, paleo-Red, paleo–Houston-Brazos, and paleo-Guadalupe rivers, and 
the paleo–Rio Grande (Figs. 4 and 5).

These well logs were extracted from several publications (Spradlin, 1980; 
Dodge and Posey, 1981; Bebout and Gutierrez, 1983; Eversull, 1984; Galloway 
et al., 1986; Foote et al., 1990; Baker, 1995; Young et al., 2010, 2012). The lower 
Miocene boundaries are well constrained in previous publications by biostrati-
graphic data or by detailed well correlation based on key depositional surfaces 
(e.g., erosional unconformities and marine flooding surfaces) in the GOM re-
gion. Paleogeographic maps interpreted from numerous well logs, along with 
seismic interpretation by Gulf of Mexico Basin Depositional Synthesis (GBDS) 
project (University of Texas Institute for Geophysics) researchers, provide a 
well-defined reconstruction of the GOM coastal plain (Fig. 5). The shoreline po-
sition defined by GBDS researchers delineates the approximate boundary be-
tween fluvial and delta-marine environments (Fig. 5). Wells are located on the 
fluvial-coastal plain regions, landward of the paleo-shoreline. A few wells are lo-
cated near the paleo-shoreline and display both marine deposits formed during 
a high sea-level stage and fluvial features in lowstand. Criteria for recognition 
of fluvial channel-belt facies and thickness measurements are discussed below.

Single-Story Channel-Belt Recognition

A river is a dynamic conduit that carries sediments from the hinterland 
to build coastal plains and deltas along the basin margin and in some cases 
even feed submarine fans on the abyssal plain. Major fluvial sediments de-
posited in coastal plains usually consist of channel-belt fill (lateral accretion 
deposits), crevasse splay, floodplain, and lake deposits (Fig. 6). Recognition 
of each fluvial-coastal plain depositional facies has been well established by 
previous works (e.g., Bernard et al., 1970; Galloway, 1981; Galloway et al., 1982; 
Bridge and Tye, 2000). One effective way to differentiate these facies is by us-
ing well log patterns, e.g., spontaneous (SP), gamma ray (GR), or resistivity 
(RT) curves. Different sedimentary facies have distinct depositional processes, 
producing differing lithological assemblages, grain-size trends, and mineral 

composition, thereby revealing different responses on geophysical well logs 
(e.g., Galloway, 1981; Galloway et al., 1982, 1986; Snedden, 1984; Fig. 6).

Channel-belt deposits, which form from migration of an active channel, are 
major repositories of sediments within fluvial systems. The channel filling and 
bar aggrading usually result from decreasing flow and decreasing water depth 
(Miall, 2010). Therefore, a fluvial channel-belt deposit is typically characterized 
by a sharply defined erosional base and an upward-fining succession, due to 
the decline in fluvial strength and consequent decreasing grain size upward 
(Fielding and Crane, 1987; Bridge and Tye, 2000; Miall, 2010; Hubbard et al., 
2011; Figs. 6 and 7). Channel-belt deposits can be divided into two subunits: 
those of the lower channel belt, characterized by coarse-grained sandstone 
and large-scale trough cross-bedding at the base; and those of an upper chan-
nel belt, characterized by fine-grained sandstone, silt, andmudstone, horizon-
tal lamination, and ripple cross-bedding at the top (Bernard et al., 1970; Bridge 
and Tye, 2000; Figs. 7A and 7B). It is easy to differentiate channel and bar 
deposits from floodplain, levee, and splay deposits, as the latter are mostly 
muddy and may display upward-coarsening textural trends (Galloway, 1981; 
Galloway and Hobday, 1996; Ambrose et al., 2009; Fig. 6). Coastal deltaic de-
posits usually show an upward-coarsening well-log motif and are easy to dif-
ferentiate from channel-belt deposits (Olariu and Bhattacharya, 2006).

Channel belts in fluvial systems can deposit sediment by either lateral ex-
pansion or downstream translation (Bridge and Tye, 2000; Bridge, 2003; Willis 
and Tang, 2010; Smith et al., 2009, 2011; Ghinassi and Ielpi, 2015, 2016). The 
upstream channel belt deposited by lateral accretion has a high net sandstone 
content (Fig. 7C). The downstream channel belt is formed by downstream 
translation and is characterized by a heterogeneous package of sands and 
muds and a serrate, upward-fining log motif (Willis, 1989; Smith et al., 2009, 
2011; Willis and Tang, 2010; Hubbard et al., 2011; Durkin et al., 2015; Fig. 7C). 

Lake
Crevasse splay 
sands and muds

Floodplain

Levee

Channel belt

Figure 6. Schematic features of a meandering fluvial system characteristic of the early Miocene 
Gulf of Mexico Coast. Each sedimentary facies has distinct well-log patterns (shown). The well 
log patterns displayed here are gamma ray. Modified from Galloway (1981).
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The lithological heterogeneity is likely caused by deposition of clay derived 
from the undercut bank by caving during flood stages, or by clay drapes de-
posited in channel-belt swales during flooding (Bernard et  al., 1970; Davies 
et al., 1993). Seasonal sediment flux can also result in a heterogeneous pack-
age of sands and muds in channel-belt deposits (e.g., Labrecque et al., 2011).

When a channel is abandoned by single-meander-loop neck cutoff or by 
avulsion, the remaining accommodation space is usually filled by fine-grained 
sediments in response to resultant reduced flow energy (Bernard et al., 1970; 
Bridge and Tye, 2000; Blum et al., 2013). The channel fills can be either sand 
rich in upstream areas where the channel remains connected to the new active 

channel or very muddy in downstream regions located away from the active 
channel. Overall, the well-log SP and GR curves of channel fills are character-
ized by a relatively thin, blocky or bell-shaped sandstone at the base and a 
thick, flat shale baseline on the top (Fig. 7C).

Multi-Story Channel-Belt Deposits

The stratigraphic record is usually incomplete (Strauss and Sadler, 1989; 
Sadler and Jerolmack, 2015), and preservation of a complete succession of 
channel deposits is always a critical issue to consider when using channel-belt 

Upstream channel belt Abandoned channel fill

Downstream channel belt Multi-story channel belt

LCB

UCB

Ba
nk

fu
ll

LCB

UCB

Ba
nk

fu
ll

Ba
nk

fu
llUCB

Mud �ll

Channel �ll Ba
nk

fu
ll

Multi story 

Single story LCB

Excluded

MST SST CGL
vf f m c vc

3026.5 m

3023.5 m

3020.5 m

3017.5 m

3014.5 m

Mean Grain Size

0 150API
Core Gamma Ray

Lower channel belt 

Upper channel belt 

Bankfull level

Overbank deposits
Low stage

Bankfull stage Lateral accretion deposits Overbank deposits

Ba
nk

fu
ll 

de
pt

h

Lo
w

er
 c

ha
nn

el
 

be
lt 

de
pt

h

Medium to coarse 
grained sandstone

Fine to medium
grained sandstone

Very �ne grained 
sandstone or silt

Clay and silt

A B

C

Figure 7. (A) Cross-section of channel-belt deposits. Modified from Saucier (1994). (B) Sedimentological and wireline-log features of channel-belt deposits from Travis Peak Formation, East Texas 
Basin. Adapted from Tye (1991) and Bridge and Tye (2000). (C) Typical well-log response patterns of lower Miocene channel-belt deposits observed in the northern Gulf of Mexico, including upstream 
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thickness to estimate channel depth in the deep-time stratigraphic setting 
(Lorenz et al., 1985; Bridge and Tye, 2000; Miall, 2010; Holbrook and Wanas, 
2014; Nicholas et al., 2016). Preservation of a channel-belt succession is highly 
dependent on sediment supply and accommodation space (Bridge, 2003; 
 Gibling, 2006). The fluvial deposits tend to become amalgamated and to form 
multi-story sand bodies in low- accommodation settings. River avulsions usu-
ally reoccupy the previous river course by eroding and stacking upon earlier 
channel deposits (Blum et al., 2013). This process can sometimes make it hard 
to differentiate multi-story from single-story channel-belt deposits. In a rapidly 
subsiding basin, such as the GOM during the Cenozoic, the high accommo-
dation rate favors a more complete preservation of channel deposits (Bridge, 
2003; Gibling, 2006; Miall, 2010).

Amalgamated channel deposits usually display blocky, over-thickened, 
multi-story sand bodies with some embedded, thin, laminated mud layers 
(Fig. 7C). Thin mud layers are either the basal, mud clast–rich channel-lag de-
posits of an overlying channel belt or the upper, muddy part of an underlying 
channel belt that has not been fully eroded. The mud bed can cause SP and GR 
curves deflect to a shale baseline between two stacking channel-belt deposits. 
In our analyses, we try to avoid measuring channel-belt thickness from multi-
story channel belts and instead focus upon single-story channel belts.

Channel-Belt Thickness Measurement

A complete channel-belt deposit incorporating both a sandy lower part and 
a muddy upper part represents a bankfull stage of river discharge that forms 
the channel (Wolman and Miller, 1960; Bridge and Tye, 2000; Gibling, 2006; 
Miall, 2014; Fig. 7A). Bridge and Tye (2000) suggested that complete preserva-
tion of a channel-fill sequence is a useful proxy for estimation of paleo-channel 
depth. The thickness of sandy lower channel-belt deposits (Fig. 7A) indicates 
the minimum constructional depth of the channel and only preserves a frac-
tion of channel-forming discharge (Frazier and Osanik, 1961; Bridge and Tye, 
2000; Miall, 2014). The lower channel-belt deposits are relatively easily recog-
nized on SP, GR, and RT logs, because the sandy lower channel belt and the 
muddy upper channel belt have markedly different clay contents and thus have 
a different response on well-log curves (Figs. 7B and C). Bankfull thickness (a 
complete succession of channel-belt thickness) is relatively more difficult to 
measure compared to lower channel-belt deposit, because the top boundary 
of the muddy upper channel belt is not easily distinguished from subsequent 
overbank deposits by grain size and clay content. Thus, uncertainty is associ-
ated with this measurement. Upper channel-belt thickness can be either under-
estimated if part of the top deposit was truncated by an overlying channel, or 
overestimated if the near-channel overbank deposit is not differentiated.

We measure thickness of both the lower channel-belt (sand body) and 
bankfull deposits in this work (in a complete upward-fining succession). We 
define the top of bankfull deposits by observing the maximum deflection to 
the shale baseline on well-log curves (SP, GR, or RT; Fig. 7C). In summary, the 
lower channel-belt thickness is easier to measure but only preserves a frac-

tion of channel-forming water discharge, whereas bankfull deposit thickness 
is interpretive but is reflective of paleo-channel depth at high flow discharge. 
In this work, we use both measured mean lower channel-belt and interpreted 
mean bankfull thicknesses to estimate the paleo-drainage area, but we do 
sepa rate them in our analysis.

Drainage Basin Area Calculation

Blum et al. (2013) collected data on modern and Quaternary channel-belt 
thickness, river discharge, and drainage basin area from 61 rivers worldwide 
to establish a scaling relationship between channel depth and drainage basin 
area. Their work suggests that drainage basin area has a first-order control 
on river discharge and channel-belt dimension, and that climate plays a sec-
ondary role. In this work, we use the scaling relationship data set from Blum 
et al. (2013) to calculate the drainage basin area of early Miocene systems. Pre-
vious paleogeographic reconstruction using detrital zircon and petrographic 
provenance analysis and continental geomorphic synthesis provides indepen-
dent estimates of drainage basin areas (Galloway et al., 2011; Xu et al., 2016; 
Fig. 4) and helps determine whether the drainage basin areas calculated from 
channel-belt thickness are geologically reasonable.

Fan Dimension Measurement

We also measure submarine fan dimension in the GOM to explore the rela-
tionship between sediment deposited in the basinal sink, river dimension, and 
drainage basin area. Data used to map Miocene submarine fan distribution in 
the deep-water basin were maintained in an ArcGIS database, and all mea-
surements in this work were made using ArcGIS tools (Figs. 4 and 8). The term 
“apron” is used here to describe the poorly organized, line-sourced submarine 
slope system that fronted much of the ancient GOM shelf margin (Galloway, 
1998; Figs. 4 and 8). In this work, the fan run-out length is calculated from the 
shelf margin to termination of the distal submarine fan or apron lobe, as ap-
propriate to the slope system type. Submarine-fan area is measured from the 
maximum mapped fan or apron-facies distribution. The submarine fan sys-
tems in the eastern GOM were not measured, as they do not connect directly 
to any fluvial-deltaic axes; rather, they received sediment reworked along the 
coast or shelf edge by longshore currents before being diverted into deep 
 water (Fig. 8; Snedden et al., 2012).

RESULTS

We measured 489 lower channel-belt and 552 bankfull thicknesses from 94 
subsurface well logs that cover the major fluvial axes of the paleo-Mississippi, 
paleo-Red, paleo–Houston-Brazos, and paleo-Guadalupe and the paleo–Rio 
Grande rivers (Fig. 5; see Supplemental Materials1). Both the lower channel- 
belt and bankfull thicknesses from each river show a different frequency mode 
in histogram (Figs. 9 and 10). Thickness data for each river show a wide range, 

Well ID Well API Latitude Longitude Paleo-river system Data Source

Dip_12_4 422853272900 29.445 -96.783 Guadalupe Young et al. (2010)

Dip_12_5 422853117200 29.426 -96.710 Guadalupe Young et al. (2010)

Dip_12_6 422850032600 29.377 -96.685 Guadalupe Young et al. (2010)

Dip_12_7 420893160400 29.297 -96.601 Guadalupe Young et al. (2010)

Dip_12_9 424810169500 29.152 -96.498 Guadalupe Young et al. (2010)

Dip_12_10 424810177000 29.066 -96.384 Guadalupe Young et al. (2010)

Dip_13_2 422850035800 29.279 -97.048 Guadalupe Young et al. (2010)

Dip_13_4 422853176200 29.127 -96.862 Guadalupe Young et al. (2010)

Dip_13_5 424693243200 28.975 -96.861 Guadalupe Young et al. (2010)

Dip_13_6 422390004700 29.010 -96.785 Guadalupe Young et al. (2010)

Dip_13_7 422390155600 28.956 -96.711 Guadalupe Young et al. (2010)

Dip_14_2 421230087000 29.098 -97.401 Guadalupe Young et al. (2010)

Dip_14_3 421230029000 29.101 -97.264 Guadalupe Young et al. (2010)

Dip_14_5 424693155300 28.947 -97.150 Guadalupe Young et al. (2010)

Dip_14_6 424690093400 28.869 -97.086 Guadalupe Young et al. (2010)

Dip_14_8 424690162400 28.756 -96.960 Guadalupe Young et al. (2010)

Dip_14_10 424693189700 28.638 -96.868 Guadalupe Young et al. (2010)

Grimes_26 4218500000 30.269 -96.015 Houston-Brazos Spradin (1980)

Harris_1149  4220100000 30.028 -95.749 Houston-Brazos Spradin (1980)

Harris_1165 4220100000 29.948 -95.738 Houston-Brazos Spradin (1980)

Harris_1490 4220100000 30.084 -95.887 Houston-Brazos Spradin (1980)

Liberty_152 4229100000 30.210 -95.062 Houston-Brazos Spradin (1980)

Liberty_781 4229100000 30.333 -95.058 Houston-Brazos Spradin (1980)

Liberty_131 4229100000 30.203 -94.960 Houston-Brazos Spradin (1980)

San_Jacinto_8 4240700000 30.406 -95.106 Houston-Brazos Spradin (1980)

San_Jacinto_28 4240700000 30.435 -95.104 Houston-Brazos Spradin (1980)

San_Jacinto_55 4240700000 30.676 -95.185 Houston-Brazos Spradin (1980)

San_Jacinto_65 4240700000 30.548 -95.220 Houston-Brazos Spradin (1980)

San_Jacinto_89 4240700000 30.519 -95.112 Houston-Brazos Spradin (1980)

San_Jacinto_94 4240700000 30.530 -95.160 Houston-Brazos Spradin (1980)

San_Jacinto_132 4240700000 30.723 -95.283 Houston-Brazos Spradin (1980)

Waller_132 4247300000 30.183 -95.996 Houston-Brazos Spradin (1980)

TABLE A1. INFORMATION OF WELL LOGS USED IN THIS STUDY 

1Supplemental Materials. Geophysical well log in-
formation and the lower channel-belt and bankfull 
thickness data measured from well logs. Please visit 
http:// dx .doi .org /10 .1130 /GES01376 .S1 or the full-text 
article on www .gsapubs .org to view the Supplemental 
Materials.
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from a few meters to >50 m (Table 1; Figs. 9 and 10). However, the thinnest 
10% of the channel-belt thickness measurements are probably representing 
deposits of local intra-basinal rivers or side rivers near these large fluvial axes. 
The thickest 10% of channel-belt thickness measurements are probably rep-
resenting multi-story channel deposits or valley-fill deposits. These outliers 
would not represent true paleo-channel depths. The remaining 80% of the 

channel-belt data should be more characteristic of the time-averaged fluvial 
channel belts recorded in deep-time archives. Therefore, we here apply a 20% 
filter to separate outliers, removing both the thinnest and the thickest 10% of 
measurements. In this study, we present both the raw data and truncated data 
to give a better view of channel-belt thicknesses of the five major river systems 
in the northern GOM (Figs. 9 and 10).
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Figure 8. Paleogeographic parameters of five early Miocene sediment-routing systems, northern Gulf of Mexico, used to explore the relationships among different 
source-to-sink components. Fan areas were measured using the extent of slope and basin-floor apron. Modified from Galloway et al. (2000, 2011) and Xu et al. (2016).
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Figure 9. Histograms of lower channel-belt thickness in five Miocene fluvial systems, northern Gulf of Mexico. Truncated data exclude the thickest and thinnest 10% of mea-
surements. N is the number of measurements.
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Figure 10. Histograms of bankfull thickness in five Miocene fluvial systems, northern Gulf of Mexico.Truncated data exclude the thickest and thinnest 10% of measurements. 
N is the number of measurements.
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Lower Channel-Belt Thickness

Thicknesses of lower channel belts show a wide range, 3–40  m (Fig. 9; 
Table 1). Each river shows a distinct channel-belt-thickness distribution. The 
paleo–Mississippi River data have multiple peaks, including a major peak at 
~15–21 m and three secondary peaks at 24–27, 30–33, and 39–42 m (Fig. 9). The 
paleo–Red River data display a similar range of lower channel-belt thicknesses 
in comparison to the paleo–Mississippi River. However, the lower channel-belt 
thicknesses of the paleo–Red River are more clustered at 12–24 m, with only 
a few channel belts thicker than 30 m. In contrast, the paleo–Rio Grande and 
paleo- Brazos and paleo-Guadalupe rivers show a narrower range of channel- 
belt thicknesses, from 3 to 23 m (Fig. 9; Table 1). The paleo–Rio Grande shows 
a slightly skewed normal distribution peaking at 9–18 m, whereas the paleo- 
Brazos and paleo-Guadalupe rivers show a strong right-skewed pattern, with 
most of the lower channel-belt data peaking at ~6–15 m (Fig. 9).

Truncated thickness data exclude the highest and lowest values, causing 
the mean thickness not be affected by extreme values. The paleo-Mississippi 
has the thickest lower channel belts, ranging from 10 to 35 m, whereas most 
of the paleo–Red River lower channel belts are thinner, ~9–26 m. Lower chan-
nel belts of the paleo–Rio Grande and the paleo-Brazos and paleo-Guadalupe 
 rivers are mostly thinner than 18 m (Fig. 9).

Bankfull Thickness

For the paleo–Mississippi River, the bankfull thickness plot displays a major 
peak at 15–27 m and two minor peaks at 30–36 m and 39–48 m (Fig. 10). Bank-
full thicknesses of the paleo–Red River are clustered in thickness ranging from 
9 to 33 m (Fig. 10). The bankfull thickness of the paleo–Rio Grande has a nar-
rower range relative to the paleo–Red River and paleo–Mississippi River, with 
most data peaking at 12–24 m (Fig. 10). The paleo-Brazos and paleo-Guadalupe 
rivers have a slightly right-skewed distribution, with most data clustering at 
9–15 m and a few data ranging from 21 to 30 m in the tail of the distribution 
(Fig. 10). Truncated data display a narrower range but distribution patterns that 
are still similar to those of the raw data (Fig. 10).

Comparison of Channel-Belt Thickness Patterns

Truncated lower channel-belt thickness data for each river show significant 
differences in statistics and on cumulative frequency plots (Fig. 11A; Table 1). 
The paleo–Mississippi River yielded a relatively gentle slope in its cumulative 
percentage plot; lower channel-belt thickness ranges from 10 to 35 m. Trun-
cated data have an average lower channel-belt thickness of 19.7  m, with a 
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Figure 11. Comparative cumulative frequency plots of lower channel-belt thickness (A) and trun-
cated bankfull thickness (B) in five fluvial systems in the northern Gulf of Mexico. The plots 
reveal distinct thickness distribution patterns in the five fluvial systems.

TABLE 1. PARAMETERS OF CHANNEL-BELT DEPOSITS MEASURED FROM FIVE MAJOR FLUVIAL SYSTEMS IN THE NORTHERN GULF OF MEXICO

River system

Lower channel-belt 
thickness

Truncated lower 
channel-belt thickness

Truncated lower 
channel-belt thickness

Bankfull 
thickness

Truncated bankfull 
thickness

Truncated 
bankfull thickness

Range
(m)

Range
(m)

Mean ± std.
(m)

Range
(m)

Range
(m)

Mean ± std.
(m)

Mississippi 9–40 10–35 19.7 ± 6.4 12–52 15–40 25.0 ± 6.6
Red 4–40 9–26 16.1 ± 4.9 9–46 13.5–29 21.1 ± 4.8
Rio Grande 4–23 6–18 11.2 ± 3.2 6–34 12–24.5 17.0 ± 3.8
Houston-Brazos 3–22 6–16  9.1 ± 2.4 6–28 9–18.5 13.0 ± 2.8
Guadalupe 3–23 5–13  8.4 ± 2.2 6–29 9–18.5 12.8 ± 2.6

std.—standard deviation.
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standard deviation of 6.4 m (Table 1). The paleo–Red River displays a similar 
pattern, but the data from thinner lower channel belts range from 9 to 26 m. 
The paleo–Red River has an average lower channel-belt thickness of 16.1 ± 
4.9 m (Table 1). In contrast to the paleo-Mississippi and paleo-Red rivers, the 
paleo-Brazos and paleo-Guadalupe rivers are dominated by lower channel- 
belt thicknesses ranging from 6 to 18 m (Fig. 11A). They have an average lower 
channel-belt thickness of 9.1 ± 2.4 m and 8.4 ± 2.2 m, respectively (Table 1). 
The paleo–Rio Grande is intermediate between the large paleo-Mississippi 
and paleo- Red rivers and the intra-basinal paleo-Guadalupe and paleo-Brazos 
rivers, with lower channel-belt thicknesses ranging from 6 to 18 m and an av-
erage lower channel-belt thickness of 11.2 ± 3.2 m (Fig. 11A; Table 1).

The truncated bankfull thickness of each river displays a pattern similar 
to that of lower channel-belt thickness in statistics and in the cumulative fre-
quency plot (Fig. 11B; Table 1). The paleo–Mississippi River has an average 
thickness of 25.0 ± 6.6 m, characterized by a gentle slope on a cumulative fre-
quency plot (Fig. 11B). Compared to the paleo–Mississippi River, the paleo–
Red River and paleo–Rio Grande have thinner bankfull thicknesses, averaging 
21.1 ± 4.8 m and 17.0 ± 3.8 m, respectively (Table 1). The paleo–Houston-Brazos 
and paleo-Guadalupe rivers have steep slopes on their cumulative frequency 
plots, their average thicknesses being 13.0 ± 2.8 m and 12.8 ± 2.6 m, respec-
tively (Fig. 11B; Table 1). Similar patterns are reproduced on the histogram 
plots of bankfull thickness of each river (Figs. 9 and 10).

The distinct mean and range of channel-belt thickness of each river (Figs. 9, 
10, and 11; Table 1), together with previous work on fluvial input axes (Fig. 3), 

suggest three scales of river dimension. We categorize these river systems into 
three classes: continental-scale river with mean bankfull thickness of >25 m or 
mean lower channel-belt thickness of >20 m (e.g., the paleo–Mississippi River), 
large-scale river with mean bankfull thickness of 15–25 m or mean lower chan-
nel-belt thickness of 10–20 m (e.g., the paleo–Red River and paleo–Rio Grande), 
and moderate-scale river with mean bankfull thickness <15 m or mean lower 
channel-belt thickness <10 m (e.g., paleo–Brazos and paleo-Guadalupe rivers). 
Features of each class are discussed in the next section.

DISCUSSION

Channel-Belt Thickness Related to Drainage Basin Area

Fluvial geomorphological data collected from modern and Quaternary sys-
tems suggest a strong correlation between drainage area and channel depth 
(Blum et al., 2013). In our work, we also used modern and Quaternary data 
to constrain predicted drainage area (Fig. 12). Both mean lower channel-belt 
thickness and mean bankfull thickness data were used to calculate drainage 
basin area (Fig. 12; Table 2). The drainage area predicted from the mean lower 
channel-belt thickness is much smaller than the prediction from the mean 
bankfull thickness. The maximum predicted drainage area is ~30 times larger 
than the minimum prediction, e.g., for the paleo–Mississippi River (1880 × 103 
km2 versus 66 × 103 km2 using lower channel-belt thickness; Table 2).
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area (DA) with mean channel-belt thick-
ness for five early Miocene fluvial systems, 
northern Gulf of Mexico, compared to the 
global scaling relationship established for 
modern and Quaternary systems. Previous 
paleogeographic work by Galloway et  al. 
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to test predictions. The modern and Qua-
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The mapped drainage basin areas from paleogeographic reconstructions 
of Galloway et al. (2011) and Xu et al. (2016) lie within the range of the drain-
age basin areas predicted from both mean lower channel-belt and mean 
bankfull thicknesses (Fig. 12; Table 2), indicating that such prediction based 
on channel depth is geologically reasonable. In addition, the correlation be-
tween channel dimension and reconstructed drainage area agrees with the 
trend of modern and Quaternary rivers (Fig. 12). However, the reconstructed 
drainage basin areas show large deviations from the median trend of mod-
ern and Quaternary systems when plotted with mean lower channel-belt 
thickness, whereas it shows a better correlation with mean bankfull thick-
ness (Fig. 12). In addition, the difference between reconstructed drainage 
area and median predicted value from mean lower channel-belt thickness 
(41%–354%) is much larger than that from mean bankfull thickness (19%–
159%; Table 2).

These results indicate that mean bankfull thickness better reflects drainage 
basin area. The sandy lower channel belt, although easily identified from sub-
surface well logs and outcrops, only preserves a fraction of bankfull channel 
depth that scales with water discharge through the channel. In addition, the 
lower channel-belt thickness varies from upstream to downstream (Fig. 7C), 
while bankfull thickness are relatively consistent in different parts of river sys-
tem. Wolman and Leopold (1957) and Wolman and Miller (1960) defined bank-
full flow as the most effective flow stage in maintaining channel dimensions 
and profiles over time. Therefore, bankfull thickness that incorporates both 
sandy lower and muddy upper channel belt, although in some cases more 
difficult to define on well logs, appears to be more sensitive to water discharge 
and thus drainage basin area. Therefore, in this work we focus on using mean 
bankfull thickness to predict drainage basin area.

Continental-Scale River (Paleo–Mississippi River)

The paleo–Mississippi River was the most important sediment routing 
system in the early Miocene GOM (Fig. 3; Galloway et al., 2000, 2011). The 
paleo–Mississippi River bankfull thickness ranges from 15 to 40 m and has 
an average thickness of 25 m (using the truncated data; Fig. 10; Table 1). The 
maximum bankfull thickness, 40 m, is close to the modern Mississippi channel 
depth. The bankfull depth of the modern Mississippi River ranges from 30 to 
40 m (Frazier and Osanik, 1961; Saucier, 1994). Cox et al. (2014) interpreted the 
paleo-depth of the lower Mississippi River valley of Pliocene age as 35 m. Early 
Miocene Mississippi bankfull thickness is thus ~60%–70% that of the Pliocene 
and modern Mississippi rivers.

The maximum drainage basin area calculated from mean bankfull thick-
ness using global modern and Quaternary river data is ~3000 × 103 km2, which 
is close to the area of the modern Mississippi River, whereas the minimum 
prediction, ~120 × 103 km2, approximates the that of the modern Brazos River 
(Fig. 12; Table 2). The maximum prediction is ~30 times larger than the mini-
mum prediction. The median predicted drainage area lies between minimum 
and maximum, 580 × 103 km2 (Fig. 12; Table 2).

The continental reconstruction combined with detrital zircon U-Pb ages 
suggests that the early Miocene Mississippi sediments were primarily sourced 
from the Rocky Mountains and Great Plains in the west, the Ouachita Moun-
tains in the north, and the Appalachian Mountains and foreland basin in the 
east (Galloway et al., 2011; Xu et al., 2016; Figs. 4 and 8). The paleo-drainage 
was similar to that of the modern Mississippi River. However, the Upper Mis-
souri River and Ohio River were not integrated into the Mississippi River 
 until the Pliocene (Blum and Roberts, 2012; Bentley et al., 2016). Absence of 

TABLE 2. DRAINAGE BASIN AREA ESTIMATED FROM LOWER CHANNEL BELT AND CHANNEL BANKFULL THICKNESS 
AND FROM PALEOGEOGRAPHIC RECONSTRUCTION, NORTHERN GULF OF MEXICO

River system

Mean 
thickness

(m)

Minimum 
predicted DA

(103 km2)

Maximum 
predicted DA

(103 km2)

Median 
predicted DA

(103 km2)

Paleogeographic 
reconstruction DA

(103 km2)
Difference

(%)

Lower channel belt

Mississippi 19.7 66 1880 330 1500 354
Red 16.1 41 1160 200 540 170
Rio Grande 11.2 17 490 86 300 249
Houston-Brazos 9.1 10 300 53 100 89
Guadalupe 8.4 9 250 44 62 41

Channel belt bankfull

Mississippi 25.0 120 3310 580 1500 159
Red 21.1 80 2210 390 540 39
Rio Grande 17.0 50 1320 230 300 30
Houston-Brazos 13.0 25 700 123 100 19
Guadalupe 12.8 24 670 119 62 48

DA—drainage area.
Note: Difference is calculated based on DA predicted from mean channel depth and observed from paleogeographic reconstruction.
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an  Upper Missouri River draining northern Wyoming and southern Canada is 
supported by the rarity of Archean zircons in lower Miocene strata deposited 
in the coastal plain (Xu et al., 2016). Therefore, the reconstructed drainage area 
of the paleo-Mississippi is ~1500 × 103 km2 (Table 2).

The reconstructed drainage area of the paleo-Mississippi lies between the 
median and maximum predicted drainage area from mean bankfull thickness, 
validating that such a prediction is reasonable; however, the uncertainty is more 
than an order of magnitude. The mean bankfull thickness of the early Miocene 
Mississippi River is ~60%–80% of that of the modern Mississippi (25 m versus 
30–40 m), and consequently the drainage area of the early Miocene Mississippi 
River is ~50% of its modern counterpart (1500 × 103 km2 versus 3300 × 103 km2). 
The consistent relationship between channel depth and drainage area in the 
early Miocene and the modern system also supports the use of the modern 
data set to predict the ancient, unmappable drainage basin area. The general 
agreement between two independent approaches increases the confidence 
level of current understanding of the paleo-Mississippi drainage basin.

Large-Scale River (Paleo–Red River and Paleo–Rio Grande)

The paleo–Red River was a major sediment carrier in the early Miocene. It 
built the Calcasieu delta near the Texas-Louisiana state boundary (Galloway 
et al., 2000, 2011; Fig. 5). The bankfull thickness of the paleo–Red River ranges 
from 13.5 to 29 m, with an average thickness of 21.1 m (Fig. 10; Table 1). The 
paleo–Red River has the second thickest channel-belt deposit in the northern 
GOM coastal plain (Figs. 9, 10, and 11). The bankfull thickness of the paleo–Red 
River, now a tributary of the modern Mississippi River system, is much thicker 
than that of the modern Red River (8–18  m). The drainage area calculated 
from mean bankfull thickness ranges from 80 × 103 km2 to 2210 × 103 km2, with 
 median value of 390 × 103 km2 (Table 2).

Detrital zircon provenance analyses show that most paleo–Red River sedi-
ment was derived from the southern Rocky Mountains, southern Great Plains, 
eastern margins of volcanic fields in southwestern North America, and the 
Ouachita Mountains (Xu et al., 2016; Fig. 4). The reconstructed paleo-Red prov-
enance suggests a drainage basin area of 540 × 103 km2 (Fig. 12; Table 2).

The geologically mapped paleo-Red drainage area lies between the  median 
and maximum predicted drainage area, and the difference between median 
predicted drainage area and reconstructed drainage area is 39% (Fig. 12; 
 Table 2). The general agreement between two independent approaches indi-
cates that the scaling relationship built for modern and Quaternary data ap-
plies well to this ancient system.

The paleo–Rio Grande was a bedload-dominated extra-basinal river that 
drained lithologically diverse source terranes with abundant volcanic rocks 
(Galloway, 1981; Galloway et  al., 1982, 2011). It prograded across the shelf, 
built a large North Padre delta, and fed sediments into a deep-water basin 
(Fig. 4), indicating a large sediment influx and drainage basin area. The paleo–
Rio Grande has a medium channel-belt dimension among river systems on the 

northern GOM coastal plain (Figs. 9, 10, and 11). Bankfull thickness ranges from 
12 to 24.5 m and has an average thickness of 17 m. The calculated drainage 
basin area is from 50 × 103 km2 to 1320 × 103 km2, with a median value of 230 × 
103 km2 (Fig. 12; Table 2).

Detrital zircon analyses of lower Miocene strata on the South Texas coastal 
plain suggest that most zircons were sourced from volcanic fields from south-
western North America (Xu et al., 2016). This conclusion is also supported by 
petrographic analyses that show that volcanic fragments are the dominant 
rock fragments (Dutton et  al., 2012). Reconstructed paleogeographic maps 
show a possible a drainage basin area of 300 × 103 km2 (Fig. 4). The mapped 
drainage area is within the range of maximum and minimum predicted drain-
age basin areas (Fig. 12; Table 2). The drainage area difference between the 
two independent methods is 30% (Table 2), indicating that the predicted drain-
age area is reasonable.

Moderate-Scale Rivers (Paleo–Houston-Brazos and 
Paleo-Guadalupe Rivers)

The paleo–Houston-Brazos and paleo-Guadalupe rivers were two moder-
ate-scale river systems in the early Miocene paleo-drainage network. No large 
deltas were built outboard of the coastal plain (Fig. 4). Mean bankfull thick-
nesses of the paleo–Houston-Brazos and paleo-Guadalupe rivers are ~13 m. 
On cumulative frequency plots, they clustered on the left side and have a steep 
slope with thickness data ranging from 21 to 9 m (Fig. 11B).

The drainage area for each of the two paleo-rivers calculated from mean 
bankfull thickness of 13 m is from ~25 × 103 km2 to ~700 × 103 km2, with a 
median value of ~120  × 103 km2 (Fig. 12; Table 2). Galloway (1981) defined 
the paleo–Brazos-Houston and paleo-Guadalupe rivers as basin-fringe to 
intra- basinal streams. Sandstones in the eastern Texas coastal plain contain 
abundant carbonate rock fragments provided by a proximal sediment source 
from the elevated Edwards Plateau (west-central Texas; Galloway et al., 1982; 
Galloway et al., 2011; Dutton et al., 2012). The paleo-Brazos drainage basin is 
~100 × 103 km2, according to provenance analysis (Figs. 4 and 8; Table 2). The 
paleo-Guadalupe system has mixed sediments, sourced from carbonate ma-
terial from the Edwards Plateau and reworked volcanic materials, and it has a 
drainage basin area of 62 × 103 km2 (Figs. 4 and 8; Table 2).

Reconstructed drainage areas of the paleo–Houston-Brazos (100 × 103 km2) 
and paleo-Guadalupe (62 × 103 km2) lie within the range of the calculated drain-
age areas (~25–700 × 103 km2; Table 2; Fig. 12), and the difference between cal-
culated median drainage area and reconstructed area is 19%–48% (Table 2; Fig. 
12). These agreements suggest that the scaling correlation between channel 
depth and drainage area from global river data is applicable to moderate-scale 
ancient river systems. In addition, the modern Brazos River has recorded a 
deeper channel depth (17–20 m; Bernard et al., 1970) and larger associated 
drainage area (116 × 103 km2) than the early Miocene Brazos River, displaying a 
consistent correlation from Miocene to modern systems.
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Scaling Relationships among Source-to-Sink Components

All components in source-to-sink (S2S) systems are thought to be geneti-
cally linked, and the dimension of one component should scale to other com-
ponents if the whole system is in equilibrium (Sømme et al., 2009a; Romans 
and Graham, 2013; Bentley et al., 2016; Bhattacharya et al., 2016; Romans et al., 
2016; Fig. 1). Sediment volume transferred by rivers is significantly influenced 
by the area, relief, lithology, and climate of the catchments, and in turn it 
 affects the dimensions of depositional components in the basinal sink, such 
as submarine fan dimensions (Hovius and Leeder, 1998; Syvitski and Milliman, 

2007; Covault et al., 2012; Holbrook and Wanas, 2014; Bhattacharya et al., 2016). 
In this work, we measured additional components of S2S systems, including 
submarine fan run-out length and area, and drainage basin length, to explore 
the relationships among these different components in S2S systems (Fig. 8).

A correlation exists between mean bankfull thickness and drainage basin 
area of the five early Miocene fluvial systems studied here (Fig. 13B). Sømme 
et al. (2009a) suggested that the length of the longest river channel increases 
with expanding drainage basin area. However, in an ancient system, it is dif-
ficult to measure the river length directly. Alternatively, it is more practical 
to measure the drainage basin length as a proxy for the longest river length 
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Figure 13. Relationship between mean 
bankfull thickness and different source-to-
sink (S2S) components of five early Mio-
cene fluvial systems, northern Gulf of Mex-
ico. (A) A simplified S2S model illuminates 
the scaling parameters for different com-
ponents of the system. (B) and (C) Corre-
lations among mean bankfull thickness, 
drainage basin length, and drainage basin 
area. (D) and (E) Correlations among mean 
bankfull thickness, submarine fan run-out 
length, and submarine fan area. The cor-
relations are based on few data, and more 
data collected from ancient systems will 
refine this relationship. Fluvial system ab-
breviations: RG—Rio Grande; G—Guada-
lupe; HB—Houston-Brazos; R—Red; M—
Mississippi.
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(Figs. 8 and 13A). Drainage basin length should scale to the water discharge 
of the entire basin and thus relate to the bankfull thickness. The drainage ba-
sin length of the five early Miocene systems displays a linear correlation with 
mean bankfull thickness (Fig. 13C). More data collected from ancient systems 
in the GOM would further test and refine this relationship.

Submarine fan run-out length and area were calculated for three mapped 
lower Miocene fan or apron systems, corresponding to the paleo–Mississippi 
River, paleo–Red River, and paleo–Rio Grande (Fig. 8). These three systems 
are characterized by progradation of the shelf margin and deposition in the 
deep-water basin by turbidity flows. Although the distribution of these basin- 
floor fans was mapped by GBDS project researchers by using well-log and 
seismic data, uncertainties remain about the exact fan run-out length and fan 
area in the deep-water basin. Due to the presence of a complicated salt canopy 
in the GOM, even after decades of explorations of lower Miocene deep-water 
reservoirs, the dimensions of lower Miocene submarine fans beneath salt can-
opy are still being mapped. No submarine fans are observed in front of the 
paleo–Houston-Brazos and paleo-Guadalupe fluvial systems. This may be a 
product of their relatively low sediment supply rate, of storage of most sedi-
ment as shoreface, shelf, and growth-faulted upper slope deposits (Fig. 5), or 
of masking of fan deposits beneath the complicated salt canopy.

Dimensions of the fan systems show correlation with mean bankfull thick-
ness (Table 3; Figs. 13D and 13E). The paleo-Mississippi fan system extends 
across the abyssal plain 380 km from the coeval shelf margin and covers an 
area of 64,000 km2. The early Miocene Mississippi fan length is shorter than that 
of the modern system, which has a fan run-out length of 655 km. The fan length 
difference is consistent with the observed channel-belt thickness of the early 
Miocene Mississippi fluvial system, which was ~60%–80% of the thickness of 
the modern system (25 m versus 30–40 m), and an early Miocene drainage area 
that was ~50% of that of the modern system (1,500 × 103 km2 versus 3,000 × 103 
km2). In addition, the area of the early Miocene Mississippi fan is ~64,000 km2 
(Table 3), much smaller than that of the modern system, which has an area of 
300,000 km2 (Sømme et al., 2009a). The fan run-out distance of the paleo–Red 
River system (190  km) is about half of that of the paleo-Mississippi system, 
whereas the paleo–Rio Grande has a submarine fan run-out length of only 
130 km, which is about one-third of the paleo-Mississippi fan run-out length 

(Table 3). The paleo–Red River and paleo–Rio Grande systems have smaller flu-
vial and fan dimensions compared to the paleo-Mississippi, due to their smaller 
drainage areas. Therefore, the dimensions of the early Miocene and modern 
submarine fans in the GOM scale with their onshore river dimension and drain-
age area, which is consistent with the mass-balance assumption in S2S, pro-
vided there is no significant intermediate storage or loss of sediment mass.

Uncertainties and Limitations

Most quantitative or semiquantitative S2S studies were based on modern 
or Quaternary data (e.g., Wetzel, 1993; Sømme et al., 2009a, 2009b), with few 
current applications to deep-time stratigraphy. When applying a scaling rela-
tionship derived from modern systems to rock records, several uncertainties 
and limitations are associated with the method.

Uncertainties can arise from morphological variations in a single chan-
nel. A single channel belt can have large variations in thickness by at least a 
factor of two during channel- forming processes (Bridge and Tye, 2000). For 
example, the thalweg depth can be significantly larger than the thickness of 
the channel belt that was deposited on the depositional bank (e.g., Fisk, 1944; 
 Willis and Tang, 2010).

The measurement of a complete succession of channel-belt deposits to esti-
mate paleo-channel depth is difficult to do by using well logs alone, because the 
upper channel deposit may be either partially truncated by an overlying channel 
or mixed with overbank deposits (e.g., Lorenz et al., 1985). Combing of outcrop 
and core data would increase the precision of measurement. The lower channel 
belt is sand and gravel rich and easier to identify from outcrop, core, and well-log 
data. However, it underestimates the paleo-flow depth (Bridge and Tye, 2000).

Climatic variations in time and space can induce a large variation in chan-
nel-belt thickness in rivers (Figs. 9, 10, and 11) of similar drainage basin area 
and statistical overlap of values for rivers with much different areas. The maxi-
mum channel-belt thickness of the paleo–Houston-Brazos and paleo-Guada-
lupe  rivers is nearly equal to the minimum channel-belt thickness of the paleo–
Mississippi River. This overlap may have resulted from measuring channel-belt 
thickness in different locations within a channel landform (e.g., thalweg versus 
depositional bank) or from periodic climate changes during the history of the 

TABLE 3. PARAMETERS OF SOURCE-TO-SINK SYSTEMS OF THE LOWER MIOCENE INTERVAL IN THE NORTHERN GULF OF MEXICO

River system

Lower channel-belt 
thickness

(m)

Bankfull 
thickness

(m)
Shelf width

(m)

Drainage 
basin length

(km)

Drainage 
basin area
(103 km2)

Submarine fan
run-out length

(km)

Submarine 
fan area

(km2)

Mississippi 19.7 25 142 2650 1500 380 64,000
Red 16.1 21.1 92 1860 540 190 24,000
Rio Grande 11.2 17 115 1220 300 130 17,600
Houston-Brazos 9.1 13 75 450 100 N/A N/A
Guadalupe 8.4 12.8 77 470 60 N/A N/A

NA—No submarine fans were interpreted from current well log and seismic data.
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river system. For small drainage systems, the peak water discharge can be sev-
eral orders of magnitude higher than the long-term average rate (Mulder and 
Syvitski, 1995). Therefore, the flood stage of small systems can have a tempo-
rary channel-flow depth similar to that of much larger systems. In this work, we 
use average bankfull thickness to average these variations and use it to rep-
resent the long-term flow depth for the entire early Miocene period (~8 m.y.).

Additional uncertainty comes from burial compaction of channel-belt sedi-
ments. The compaction is complicated by many factors, including grain round-
ness, sorting, mineral composition, and size grading (Allen and Chilingarian, 
1975). Ethridge and Schumm (1977) suggested a reduction of 10% of original 
bankfull depth by subsurface compaction. Our channel- belt data were com-
piled from various well-log data from the Texas-Louisiana coastal plain. Most 
channel-belt data were measured from units that are now lying between 100 m 
and 1000 m deep; a few channel-belt deposits are buried to a depth of 1500 m. 
It is not easy to give a simple decompaction correction for our channel-belt 
measurement because channel-belt deposits experienced different compac-
tion histories. Overly simple correction for compaction may introduce extra 
uncertainties into system. Given that uncertainties in the statistical predictions 
lie in the range of one to two orders of magnitude, we conclude that com-
pacted variability will not affect the predictions measurably; thus, we do not 
apply corrections.

In summary, natural S2S systems are complex (e.g., thickness variations 
in a single channel), and many uncertainties are associated with the measure-
ments. Variations in tectonics and climate in catchment areas complicate the 
correlation between channel depth and drainage- basin area, resulting in un-
certainties of more than an order of magnitude. However, these uncertainties 
are part of natural systems and are not flaws in methodology.

Given these uncertainties, it may be hard to differentiate a continental-scale 
drainage system from a large-scale drainage system by using channel-belt 
thickness alone. However, continental-scale systems rarely share the same 
channel dimensions with moderate-scale rivers or smaller systems (Figs. 9 
and 10). Alternatively, detrital zircon U-Pb age spectra have been proven to 
be a useful approach for conducting provenance analyses and reconstruct-
ing paleo geog raphy. However, detrital zircons can survive multiple recycling 
events, blurring or complicating the definition of specific source terranes, and 
they may sometimes fail to track intermediate source terranes. Combining de-
trital zircon provenance analysis and channel-belt measurement provides a bet-
ter constraint on paleo–drainage basin area than does either technique alone.

CONCLUSIONS

Single-story channel-belt thicknesses were measured from an extensive 
well-log database in the well-explored GOM basin to calculate paleo-drainage 
areas of several differentiated early Miocene fluvial systems. Mean channel- 
belt thickness shows a strong correlation with paleo-drainage area that was 
reconstructed independently from petrographic and detrital zircon provenance 
analyses and continental geomorphic synthesis (Fig. 13B).

The drainage area was calculated from both mean lower channel-belt and 
mean bankfull thickness data, using scaling relationships that were built on 
a global modern and Quaternary river database. Drainage basin areas calcu-
lated from mean bankfull thickness show good agreement with independently 
mapped drainage basin areas (Table 2), although the measurement of bankfull 
thickness has high interpretive uncertainties when using well-log data alone. 
Using sandy lower channel-belt thickness, which is easy to identify from well-
log response, resulted in smaller predicted areas that show much departure 
from the independently mapped drainage basin area and from the trend line of 
modern and Quaternary river data (Fig. 12; Table 2). Therefore, bankfull thick-
ness is the better proxy for estimating paleo-channel depths and calculation of 
drainage basin area.

Drainage basin area predicted from mean bankfull thickness shows a wide 
range, more than an order of magnitude. The reconstructed drainage area of 
each well-studied early Miocene system lies between the minimum and maxi-
mum values, supporting the use of the modern data set to predict ancient un-
mappable drainage basin area. Combining detrital zircon provenance analyses 
and channel-belt measurements provides a better constraint on paleo–drain-
age basin area than does either technique alone.

Extrapolating the scaling relationship established on modern and Quater-
nary data into deep-time stratigraphy involves many uncertainties, including 
natural internal channel-belt thickness variation, incomplete channel preser-
vation, subjective interpretation and measurement of channel-belt thickness, 
compaction overprints, and climatic and tectonic variability in catchment 
areas. However, these uncertainties do not negate the power of this scaling 
relationship. Knowledge of fluvial deposit dimensions, such as channel-belt 
thickness, provides a first-order estimate of drainage basin area and a plausi-
ble assessment of continental geomorphology.

Mean channel-belt bankfull depth correlates with drainage-basin length 
and area and submarine-fan length and area in early Miocene S2S systems. 
This correlation indicates a mass balance between sediment supply from 
catchment, sediment transport through fluvial channels, and sediment ulti-
mately deposited in the basin. Therefore, knowledge of channel dimensions 
onshore also has implications for prediction of the dimensions of fan run-out 
length and area in the deep-water basin.
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