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ABSTRACT 

The Effects of Land Use and Human Activities on Carbon Cycling in Texas Rivers 

By 

Fan-Wei Zeng 

 

I investigated how land use and human activities affect the sources and cycling of 

carbon (C) in subtropical rivers. Annually rivers receive a large amount of terrestrial C, 

process a portion of this C and return it to the atmosphere as CO2. The rest is transported 

to the ocean. Land use and human activities can affect the sources and fate of terrestrial C 

in rivers. However, studies on these effects are limited, especially in the humid 

subtropics. 

I combined measurements of the partial pressure of dissolved CO2 (pCO2), C 

isotopes (13C and 14C) and solid-state 13C nuclear magnetic resonance (NMR) to study C 

cycling in three subtropical rivers in Texas, two small rivers (Buffalo Bayou and Spring 

Creek) and a midsized river (the Brazos).  

My pCO2 data show that small humid subtropical rivers are likely a large source of 

atmospheric CO2 in the global C cycle. My measurements on pCO2, C isotopic and 

chemical composition of dissolved inorganic C (DIC) and particulate organic C (POC) 

revealed four types of effects of land use and human activities on river C cycling. First, 

oyster shells and crushed carbonate minerals used in road construction are being 

dissolved and slowly drained into Buffalo Bayou and the lower Brazos and may be a 

source of river CO2 released to the atmosphere. Second, river damming and nutrient input 

from urban treated wastewater stimulate algal growth and reduce CO2 evasion of the 
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middle Brazos. Third, urban treated wastewater discharge is adding old POC to the 

middle Brazos and decomposition of the old POC adds to the old riverine DIC pool. 

Fourth, agricultural activities coupled with high precipitation enhance loss of old organic 

C (OC) from deep soils to the lower Brazos, and decomposition of the old soil OC 

contributes to the old CO2 evaded.  

I document for the first time the river C cycling effects of the use of carbonate 

minerals in construction and the riverine discharge of urban wastewater. Results 

presented here indicate the need to study disturbed river systems to better constrain the 

global C budget.  
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CHAPTER 1 

Introduction 

 

 The flux of carbon (C) from land to rivers is estimated to be more than 0.9 Gt yr-1 

(Cole et al. 2007), comparable to terrestrial net ecosystem productivity (±2.0 Gt C yr-1, 

Randerson et al. 2002). This C flux needs to be accounted for in regional and global C 

budgets to avoid overestimating net land C uptake (Grace and Malhi 2002). Of the 

terrestrial C delivered to rivers, a fraction is processed and returned to the atmosphere as 

CO2, and the rest is transported to the ocean. Therefore, measurements of river CO2 

evasion and river C export to the ocean are a practical way to calculate the amount of 

terrestrial C lost to rivers (Cole et al. 2007).  

 Of the terrestrial organic carbon (OC) that rivers export to the ocean, more than half 

is completely decomposed in the marine environment, even though it resisted 

decomposition in the terrestrial environment (Berner 1989; Beusen et al. 2005; Burns et al. 

2008; Hedges and Keil 1995; Hedges et al. 1997). The nature of OC is one of the most 

important controls on the sedimentary fate of organic matter. As such, the nature of 

riverine OC requires more study to understand the rapid destruction of terrestrial OC in 

the ocean (Dauwe et al. 1999; Lal 2003).  

To date, there are few measurements of river CO2 evasion, river C export or 

characterization of riverine C. Data are particularly limited in small to midsized rivers. 

Although individual small rivers may export a trivial mass compared to large rivers, as a 

group they play an important role in the global C cycle. For example, Rasera et al. (2008) 

calculated that small rivers in the southwestern Amazon are releasing 0.17 ± 0.04 Gt C 
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yr-1 to the atmosphere as CO2, which is about half the global river CO2 evasion estimated 

by Cole and Caraco (2001) and Cole et al. (2007).  

Land use and human activities can affect river CO2 evasion rates and the amount and 

nature of C rivers export to the ocean by controlling the type of terrestrial C delivered to 

rivers, the metabolism of terrestrial C in rivers, and the primary production within rivers. 

Previous studies have shown that agricultural and urban areas can contribute as much as 

33% and 17% of river OC load, respectively (Sickman et al. 2010; Sickman et al. 2007). 

This OC is generally old due to enhanced loss of old organic matter (OM) from deep soil 

and 14C-free fossil OM from OM-rich bedrock (e.g. shales), and old OM input from 

wastewater treatment plant effluent (Griffith et al. 2009; Longworth et al. 2007; 

Raymond et al. 2004; Sickman et al. 2010; Sickman et al. 2007). River damming can also 

affect river C cycling, but the results are more complex. On one hand, river damming 

generally stimulates the growth of phytoplankton, removing CO2 from the atmosphere 

(Wang et al. 2007). On the other hand, decomposition of organic matter in the land 

flooded by damming releases CO2 and CH4 (a greenhouse gas with a global warming 

potential of about 25) to the atmosphere (Abril et al. 2005). However, such studies are 

limited, and the impact of land use and human activities on the sources and cycling of 

terrestrial C in rivers is not well understood.  

In my thesis I measured the CO2 emission rate, POC export, and sources and 

chemical composition of riverine dissolved inorganic carbon (DIC) and POC of two 

small rivers (Buffalo Bayou and Spring Creek) and one midsized river (the Brazos River) 

in Texas. I also examined the effects of land use and human activities on C cycling in 

these rivers. I found high CO2 emission rates in the two small rivers, showing that small 
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rivers in humid subtropical areas as a group may be a significant source of atmospheric 

CO2, as observed for the tropics by Rasera et al. (2008). I also found that DIC from oyster 

shells and crushed limestone/dolomite minerals used in road construction is being drained 

into rivers and may be sustaining part of river CO2 supersaturation. My results also show 

that urban treated wastewater input, river damming, and agricultural land use have 

changed the sources and cycling of C in the rivers I studied. These processes also affect 

the sources and chemical composition of POC that the Brazos River exports to the Gulf 

of Mexico.  

The thesis has been divided into three parts. Chapter 2 focuses on the amount and 

sources of CO2 evasion of Buffalo Bayou and Spring Creek, and how they are affected by 

urbanization and limestone/dolomite and oyster shells used in road construction. Chapters 

3 and 4 concentrate on the sources and metabolism of DIC and POC in the Brazos River, 

and how they are controlled by urban treated wastewater input, river damming, and 

agricultural land use.  
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CHAPTER 2 

Sources of CO2 evasion from two subtropical rivers in North America 

 

Abstract  

We directly measured the partial pressure of dissolved CO2 (pCO2) in two humid 

subtropical rivers in coastal Texas, one highly urbanized (Buffalo Bayou) and one 

relatively undeveloped (Spring Creek), and analyzed carbon isotopic signatures (Δ14C 

and δ13C) of riverine dissolved inorganic carbon (DIC) to determine carbon sources 

sustaining river respiration. Both rivers were highly supersaturated with CO2 at all study 

sites and on all dates sampled from June 2007 to February 2009. Mean riverine pCO2 

values are 3,052 ± 1,364 and 4,702 ± 1,980 μatm for Buffalo Bayou and Spring Creek, 

respectively. Calculated CO2 emission fluxes per ha of water surface area from these 

rivers are intermediate between those in tropical and temperate rivers, indicating that 

globally, humid subtropical rivers may be a significant source of atmospheric CO2. 

Carbon isotopic signatures revealed that CO2 supersaturation is supported by different 

carbon sources for the two rivers. In the relatively undeveloped river (Spring Creek), 

young terrestrial organic matter (OM) is the predominant C source fueling river 

heterotrophic respiration. In the highly urbanized river (Buffalo Bayou), the high 

concentration of riverine CO2 is additionally supported by dissolution of CaCO3 likely 

from pedogenic carbonate, and crushed limestone/dolomite and oyster shells imbedded in 

old roads in the watershed. Because urban sources of acidity can include HNO3 and 

H2SO4, whether the limestone/dolomite and shells used by humans act as a net sink or 

source of atmospheric CO2 needs further study. 
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2.1 Introduction 

 Annually, a large amount of terrestrial carbon, including soil organic carbon, roots, 

and aboveground biomass, is transferred from land into river systems. A precise 

determination of the amount, source and fate of this carbon is critical for regional and 

global carbon budgets of terrestrial ecosystems (Houghton 2003; Richey et al. 2002). 

 Terrestrial carbon is exported to river systems through three pathways: 1) as litterfall 

in the form of particulate organic carbon (POC) carried to rivers by wind and storm water; 

2) as soil dissolved organic carbon (DOC) and soil POC exported to rivers; 3) as soil CO2 

from ecosystem respiration in the form of dissolved inorganic carbon (DIC) delivered to 

rivers by subsurface water flow. Determination of C losses through measurement of 

individual fluxes of each pathway is difficult because terrestrial carbon is not a point 

source, but an area source for river systems. A more practical approach is to track the fate 

of these C sources in river systems. After terrestrial carbon enters rivers, part of it 

(derived from soil CO2 and from respiration of terrestrial organic carbon in the water 

column) is returned to the atmosphere as CO2 during transit, part of it (some POC) is 

stored in floodplains and riparian corridors, and the rest is discharged to the oceans as 

DOC, POC and DIC. Mass balance calculations allow estimation of the rate of carbon 

losses from terra firma terrestrial environments to rivers by summing up these three 

fractions of terrestrial carbon (Cole et al. 2007).  

 CO2 supersaturation is common in world river systems (Cai and Wang 1998; Cole 

and Caraco 2001; Mayorga et al. 2005; Raymond et al. 1997, 2000; Richey et al. 2002; 

Yao et al. 2007). The CO2 outgassing rate from global rivers has been estimated to be on 
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the order of 1 Gt C yr-1, comparable to annual river total carbon (organic and inorganic) 

export to the ocean (Cole and Caraco 2001; Cole et al. 2007; Rasera et al. 2008; Richey 

et al. 2002). However, there is significant uncertainty in the size of this flux. Conservative 

estimates from 45 major world rivers suggest that global rivers outgas 0.3 Gt C to the 

atmosphere annually (Cole and Caraco 2001), while a study in the Amazon suggested that 

CO2 evasion flux from the global area covered by humid tropical forests alone is 0.9 Gt C 

yr-1 (Richey et al. 2002).  

 There are three major reasons for the discrepancy in global river CO2 flux estimates, 

all based on data sparsity. First, most (35 out of 45) of the large rivers compiled in Cole 

and Caraco (2001) are temperate rivers. To better estimate CO2 evasion flux from global 

rivers, a more comprehensive survey of rivers in all climate regimes is necessary. To date, 

studies on CO2 concentration of subtropical rivers are still very limited. Second, although 

small rivers are individually trivial CO2 sources, they are likely to be more supersaturated 

in CO2 than large rivers (Finlay 2003), and summed, their bulk CO2 evasion flux may be 

significant (Rasera et al. 2008). Third, direct measurements of partial pressure of CO2 

(pCO2) are very limited. In many previous studies, riverine pCO2 was calculated from 

measured pH, alkalinity and temperature, which either overestimated or underestimated 

the true value of pCO2 in different case studies (Herczeg et al. 1985; Raymond et al. 1997; 

Stauffer 1990).  

 Riverine CO2 is primarily sustained by CO2 export from soil by groundwater and in 

situ respiration of terrestrial organic matter (OM) (Cole and Caraco 2001; Finlay 2003; 

Mayorga et al. 2005). Richey et al. (2002) estimated that degradation of terrestrial OM (in 

soil or in the water column) contributes about 75% of the CO2 evasion in the Amazon 
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River basin. However, large spatial variability exists in the sources and turnover times of 

this terrestrial organic carbon. In the Hudson River in the northeastern US, respiration of 

ancient organic carbon (1,000-5,000 years old) in the watershed may be an important 

source of excess riverine CO2 (Cole and Caraco 2001), while in Amazonian rivers, less 

than 5-year-old carbon fixed on land is the dominant labile OM fueling the river 

respiration (Mayorga et al. 2005). Also, not all riverine CO2 is derived from 

decomposition of OM. Addition of bicarbonate (HCO3
-) from carbonate dissolution is 

another possible source of riverine CO2 as dissolved CO2 is in chemical equilibrium with 

bicarbonate in the water.  

 The natural isotopic compositions (Δ14C and δ13C) of riverine carbon species, 

including DOC, POC and DIC, are a powerful tool to identify sources and turnover times 

of riverine C (Mayorga et al. 2005; Raymond and Bauer 2001c; Raymond et al. 2004). 

Yet, coupled use of dual carbon isotopic signatures is rare, existing only for Amazonian 

rivers and some temperate rivers in northeast US (Mayorga et al. 2005; Raymond et al. 

2004).  

 In this study, we directly measured pCO2 and accompanying carbon isotopes (13C 

and 14C) to better understand the carbon cycling of small subtropical rivers.  

 

2.2 Study area and methods 

2.2.1 Study area 

 We conducted this study from June 2007 to February 2009 in Buffalo Bayou and 

Spring Creek in southeast Texas. Both rivers flow from west to east and drain into the 

Gulf of Mexico through Galveston Bay (Fig. 2-1). 
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Figure 2-1. Buffalo Bayou watershed and Spring Creek watershed. Both Buffalo Bayou 
and Spring Creek flow from west to east. The three sampling sites in Spring Creek are 
Roberts Cemetery (RC, 1), Mueschke (2), and Gosling (3), and the four sampling sites in 
Buffalo Bayou are South Piney Point (SPP, 4), Father Point (FP, 5), Sabine (6), and 
McKee (7). The inset shows the location of Harris County in Texas.  
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Buffalo Bayou passes through downtown Houston in Harris County, TX. Its 

watershed, of which 80% is urbanized, is almost entirely within the City of Houston. 

Spring Creek flows along the boundary of Texas’ Harris and Montgomery Counties. Its 

watershed is mostly covered by forests, with some agriculture use upstream. The 

exceptions are the city of the Woodlands (61.8 km2) and the city of Tomball (26.3 km2), 

both of which are undergoing development.  

The majority of the Buffalo Bayou watershed is underlain by the Beaumont 

Formation, with a minor contribution from the Lissie Formation in the north (Table 2-1, 

Fisher 1982). The watershed of Spring Creek is underlain mostly by the Willis Formation, 

and partially by the Lissie Formation and the Beaumont Formation (Table 2-1, Shelby et 

al. 1992). The Willis Formation covers the upper and middle reach of Spring Creek, while 

the Lissie and Beaumont Formations cover the lower reach. All three formations were 

deposited during the Pleistocene (1.8 Ma-11,550 years BP) and are made of clay, silt and 

sand (Fisher 1982; Shelby et al. 1992).  

Carbonate is commonly present in soils in the drainage basin of Buffalo Bayou, but 

only sparsely found in soils in the Spring Creek watershed (USDA 2009). Possible 

sources of carbonate are naturally occurring pedogenic carbonate (carbonate formed 

during soil development) in the Beaumont Formation (Nordt et al. 2006), and crushed 

limestone/dolomite and oyster shells. Crushed limestone/dolomite has been found in Gulf 

coast roads (Titi et al. 2003), and shell roads are distributed in a belt extending 80-110 km 

inland from the coastline of Texas (Doran 1965), just far enough to cover the Buffalo 

Bayou watershed, but only reaching the Spring Creek watershed near the Gosling site 

(see Fig. 2-1).  
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River Length of Main 
Stem (km) 

Length of Open 
Streamsa (km) 

Watershed Area 
(km2) 

Dischargeb 
(m3/yr) Lithology of watershedc 

Buffalo 
Bayou 51 186 265 3.27 × 108 

Beaumont Formation (80%): clay, silt and sand, concretions 
of calcium carbonate; 
Lissie Formation (20%): clay, silt and sand, locally 
calcareous, concretions of calcium carbonate. 
  

Spring 
Creek 130 178 727 1.02 × 108 

Willis Formation (87%): clay, silt and sand, noncalcareous; 
Lissie Formation (10%) and 
Beaumont Formation (3%) with same lithology as above. 

a Includes main stem and tributaries; data for length and watershed area are from Harris County Flood Control District: www.hcfcd.org. 
b Discharge data for the South Piney Point station (08073700) in Buffalo Bayou and for the station near Tomball (08068275) in Spring Creek are for hydrological 
year 2008; data from USGS: www.usgs.gov. 
c Information from Fisher (1982) and Shelby et al. (1992). Numbers in parenthesis are percentages of the watershed. 
 
Table 2-1. Hydrological and lithologic characteristics of Buffalo Bayou and Spring Creek watersheds. 
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The two rivers are about 32 km apart and share a similar climate. The regional mean 

annual temperature is about 21°C, and the mean annual precipitation is 100-180 cm, with 

Spring Creek (122 cm at Tomball) having only a slightly lower annual average 

precipitation than Buffalo Bayou (Houston: 135 cm) (NOAA 2009b).  

We selected seven sampling sites in the study area, four in Buffalo Bayou [S Piney 

Point (SPP), Father Point (FP), Sabine and McKee] and three in Spring Creek [Roberts 

Cemetery (RC), Mueschke and Gosling] (Fig. 2-1). All sampling sites are bridges over 

the rivers. SPP and FP are located in residential areas; Sabine and McKee are in 

downtown Houston; while the three sites in Spring Creek are located next to private 

forests. SPP in Buffalo Bayou is additionally a US Geological Survey (USGS) 

monitoring station (08073700), which allowed us to obtain river discharge data for this 

site.  

 

2.2.2 Sample collection and analysis 

 We sampled pCO2 monthly. To characterize daytime variation in riverine pCO2, we 

conducted hourly pCO2 sampling at the Sabine site in Buffalo Bayou on April 5, 2008 

and the Mueschke site in Spring Creek on March 27, 2008 from before sunrise to after 

sunset (14 h). We also collected hourly pCO2 samples at these two sites on two rainy days 

(on June 26, 2008 at Sabine, and on June 21, 2008 at Mueschke) to determine how 

riverine pCO2 responds to rainfall events.  

For each site we collected three ambient air pCO2 and three water pCO2 samples. We 

took ambient air pCO2 samples on bridges (2-15 m above the river surface). Since in 

previous studies ambient air samples were collected closer to the river surface (Raymond 



 12

et al. 1997; Yao et al. 2007), we also took air pCO2 samples <2 m above the river surface 

where the river bank was accessible. We found no significant difference in CO2 

concentration between air over bridges and air near river surfaces (t test, p = 0.76 at 95% 

confidence level). We took water directly from the upper 30 cm of the river using a 

submersible pump and collected water pCO2 samples by headspace equilibration as 

described in Raymond et al. (1997). All pCO2 samples were transported to the laboratory 

and analyzed on an infrared CO2 analyzer (Li-Cor 7000) in the same day of collection.  

We collected DIC samples using 250 mL pre-cleaned (soapy water, deionized water 

and Milli-Q water) and pre-combusted (500°C for 2 h) bottles. We collected DIC samples 

prior to collection of water pCO2 samples to avoid any contamination. To minimize CO2 

exchange between the sample and the air, we overflowed the bottle three times. DIC 

samples were stored at 0°C from time of collection to poisoning with saturated HgCl2 

solution and sealing with Apiezon-N grease in the lab. Samples were always poisoned 

within 8 h of collection.  

 All DIC samples were sent to the National Ocean Sciences Accelerator Mass 

Spectrometry Facility (NOSAMS) for Δ14C and δ13C analyses, where samples were 

processed according to McNichol et al (1994). δ13C values were reported, while 14C/12C 

ratios were expressed as Fraction Modern (FM). We calculated Δ14C values from FM 

values according to Stuiver and Polach (1977). 

 

2.3 Results and Discussion 

2.3.1 Daytime riverine pCO2 variation 

 A previous study (Raymond et al. 1997) indicated low diurnal pCO2 variability in 
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river waters. Our data are consistent with this study (except on days of rainfall events, see 

below). We saw little change in riverine pCO2 values at Sabine (April 5, 2008) in Buffalo 

Bayou and Mueschke (March 27, 2008) in Spring Creek from predawn (7 a.m.; sunrise 

7:30 a.m.) through after sunset (8 p.m.; sunset 7:30 p.m.) (Fig. 2-2).  Mean riverine 

pCO2 was 3,839 ± 291 μatm at Sabine, and was 4,146 ± 126 μatm at Mueschke. Daytime 

variations were much smaller than seasonal variations for both sites (3,157 ± 1,454 μatm 

for Sabine and 3,660 ± 706 μatm for Mueschke) (Table 2-2). We interpreted the low 

daytime pCO2 variability to indicate that pCO2 samples collected at a specific time of day 

are generally representative of the average riverine pCO2 of the day sampled.  

 

2.3.2 Effect of rainfall events on riverine pCO2 

 Rainfall events control riverine pCO2 primarily via two concurrent and competitive 

mechanisms: (1) rainfall events enhance the export of soil CO2 and soil organic carbon to 

rivers, which increases riverine pCO2 (Yao et al. 2007); and (2) rainfall events generally 

increase river discharge and gas transfer velocity (Ho et al. 1997), both of which lower 

riverine pCO2. We saw evidence of both mechanisms, with the dominant mechanism 

depending on rainfall intensity and watershed impermeability.  

On rainy days, daytime variations in riverine pCO2 were larger, with mean riverine 

pCO2 of 2,964 ± 1,020 μatm for Sabine (June 26, 2008) and 3,205 ± 357 μatm for 

Mueschke (June 21, 2008) (Fig. 2-3a, b). Enhanced river photosynthesis/ respiration 

processes due to abundant phytoplankton and high water temperatures in summer (Cole 

et al. 1992) alone can not explain why the pCO2 fluctuation was higher at Sabine than at 

Mueschke.  
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Figure 2-2. Daytime variation in riverine pCO2 in Buffalo Bayou (Sabine) and Spring 
Creek (Mueschke) in late March and early April (Sabine 4-5-2008; Mueschke 3-27-2008; 
Sunrise 7:30 a.m.; Sunset: 7:30 p.m.). Error bar is 1σ on the replicates. 
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Site 
Study period  
(number of 

samples) 

Width 
(m) 

Depth 
(m) 

pCO2,w 
(μatm) 

pCO2,a 
(μatm) 

CO2 emission 
flux 

(Mg C ha-1 y-1)
Buffalo Bayou 
SPP 08/07 to 02/09 (19) 10 ± 2 1.0-2.0 3,158 ± 1,044 414 ±69 3.37 ± 1.26 
FP 06/07 to 02/09 (20) 10 ± 2 0.5-1.5 3,087 ± 1,610 415 ± 80 3.29 ± 1.94 
Sabine 06/07 to 02/09 (20) 20 ± 4 0.8-2.5 3,157 ± 1,454 408 ± 79 3.38 ± 1.77 
McKee 06/07 to 02/09 (20) 25 ± 5 1.5-3.0 2,813 ± 1,347 405 ± 78 2.97 ± 1.63 
Average    3,052 ± 1,364 411 ± 75 3.25 ± 1.65 
Spring Creek 
RC 09/07 to 02/09 (19) 1.5 ± 0.3 0.2-0.6 6,277 ± 2,357 408 ± 64 7.24 ± 2.85 
Mueschke 09/07 to 02/09 (19) 3 ± 0.6 0.8-1.2 3,660 ± 706 403 ± 69 4.02 ± 0.82 
Gosling 10/07 to 02/09 (16) 10 ± 2 0.5-1.5 4,070 ± 1,285 389 ± 57 4.56 ± 1.57 
Average    4,702 ± 1,980 401 ± 63 5.31 ± 2.40 

Width is the average width of the river at the site sampled with 20% uncertainty.  
Depth is the range of water depth at the site sampled. 
pCO2,w: riverine pCO2; pCO2,a: pCO2 of air on bridges. 
CO2 emission flux is for per area of water surfaces, not for per area of the basins. 
SPP: South Piney Point; FP: Father Point; RC: Roberts Cemetery.   

 
Table 2-2. Measured mean pCO2 and calculated mean CO2 emission flux for each study site in Buffalo Bayou and Spring Creek.  
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Figure 2-3. Effect of rainfall events on riverine pCO2 at (a) Sabine in Buffalo Bayou and 
at (b) Mueschke in Spring Creek (Sabine 6-26-2008; Mueschke 6-21-2008; Sunrise 6:30 
a.m.; Sunset: 8:30 p.m.). Hourly precipitation data were obtained from the Spatial 
Sciences Laboratory at Texas A&M University. Error bar is 1σ on the replicates.  
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The pronounced changes in riverine pCO2 at Sabine on June 26, 2008 were likely 

caused by the intensive rainfall event, which produced about 15 mm (the Spatial Sciences 

Laboratory at Texas A&M University) of water within 6 h in the Buffalo Bayou 

watershed (Fig. 2-3a) and significantly raised the water level (river discharge was 1.7 

m3/s in the morning and 23.9 m3/s in the late afternoon) (Data from USGS). Similar to 

others’ results (Paquay et al. 2007), we found a negative relationship between riverine 

pCO2 and precipitation at Sabine, but with a time lag of about 3 h (Fig. 2-3a). We 

hypothesize that the 3-h lag was caused by an initial flushing of soil CO2 by subsurface 

flow of storm water, which compensated for the dilution effect of nearly CO2-free storm 

water which flowed over urban impervious surfaces (e.g. concrete). As the rain continued, 

soil CO2 was flushed out, and hence the storm water dilution effect dominated.  

 Although there was also a rainfall event at Mueschke on June 21, 2008, we observed 

a different pattern in riverine pCO2 (Fig. 2-3b), probably due to much lower precipitation 

(about 1.72 mm in total, lasted for only 2 h: 5-6 p.m., the Spatial Sciences Laboratory at 

Texas A&M University) and higher soil permeability in the Spring Creek watershed. 

There was a continuous decrease in riverine pCO2 from 11 a.m. to 4 p.m. (Fig. 2-3b). A 

dilution effect of storm water from upstream can be ruled out because upstream 

Mueschke rainfall also started at 5 p.m., after the pCO2 drop (the Spatial Sciences 

Laboratory at Texas A&M University). Instead, biological uptake of CO2 through 

photosynthesis has likely caused the drop in riverine pCO2. A rise in riverine pCO2 

occurred from the onset of the rainfall event (Fig. 2-3b). This was likely caused by the 

export of soil CO2 by rain water. Weaker CO2 uptake through photosynthesis due to lower 

sun angle might be an additional reason, but it alone could not explain the rapid pCO2 



 18

increase from 5:30 p.m. to 6:30 p.m., as indicated by the small daytime variation in 

riverine pCO2 observed in late March (Fig. 2-2).  

  

2.3.3 Seasonal variation in riverine pCO2 

During the study period, riverine pCO2 was 2-20 times supersaturated in CO2 with 

respect to the atmosphere throughout the year in both rivers (Fig. 2-4). Riverine pCO2 

averaged 3,052 ± 1,364 μatm for Buffalo Bayou and 4,702 ± 1,980 μatm for Spring 

Creek (Table 2-2). The generally lower riverine pCO2 values in Buffalo Bayou relative to 

Spring Creek were likely because of (1) the smaller watershed and larger river discharge 

(Table 2-1); (2) the buffering effect of carbonate; and (3) less biomass in the urban 

environment, reducing primary production and respiration associated carbon fluxes in the 

Buffalo Bayou watershed. 

The seasonal patterns in riverine pCO2 were highly consistent across sites within 

rivers (Fig. 2-4). This was also observed in Xijiang River in south China by Yao et al. 

(2007). Consistent with previous studies (Raymond et al. 1997, 2000; Richey et al. 2002; 

Yao et al. 2007), riverine pCO2 was generally higher in summer and fall than in winter 

and spring. Temporal variation in riverine pCO2 was also much higher in summer and fall 

than in winter and spring, probably due to more precipitation in summer and fall (Table 

2-3, the Spatial Sciences Laboratory at Texas A&M University).  

There are two major pCO2 peaks in our record, one in early August 2007 and a 

second in late September 2008. The peak in early August 2007 (Fig. 2-4) may be 

associated with the abundant (253 mm in a month) and evenly distributed precipitation in 

July 2007 (NOAA 2009b), which allowed the rain water to infiltrate and flush out soil  
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Figure 2-4. Seasonal variation in riverine pCO2 in Buffalo Bayou and Spring Creek from 
June 2007 to February 2009. Direct measurement of riverine pCO2 was made monthly at 
each study site. Dash line is the measured mean pCO2 value of the atmosphere (about 410 
μatm) at our study sites from June 2007 to February 2009.  
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Watershed Summer 07 Fall 07 Winter 07 Spring 08 Summer 08 Fall 08 Winter 08
Buffalo Bayou 311 220 193 121 278 214 74 
Spring Creek 200 157 178 161 200 230 55 

Spring: March-May; Summer: June-August; Fall: September-November; Winter: December-February. Data 
obtained from the Spatial Sciences Laboratory at Texas A&M University. 
 
Table 2-3. Precipitation data (in mm) for the study period for the Buffalo Bayou and 
Spring Creek watersheds.  
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CO2 to the river while limiting the dilution effect of rainfall. On September 13-14, 2008, 

Hurricane Ike, the 3rd most destructive hurricane to ever make landfall in the United 

States, hit Houston and brought 98 mm of rain (the Spatial Sciences Laboratory at Texas 

A&M University). The storm water flushed out a large amount of waste water into 

Buffalo Bayou, making river water dark and fetid. Decomposition of OM from waste 

water likely led to the pCO2 peak on September 27, 2008. The lowest riverine pCO2 value, 

476 μatm, was observed at the McKee site in Buffalo Bayou on July 24, 2008 due to 

Hurricane Dolly, which produced 63 mm of rain in two days (July 23-24, 2008) (the 

Spatial Sciences Laboratory at Texas A&M University). 

 Riverine pCO2 at Roberts Cemetery in Spring Creek was highly variable. This is 

likely because river discharge at this site is so low (i.e. shallow water and narrow channel, 

Table 2-2) that slight changes in river discharge caused large changes in river CO2 

concentration. The much higher riverine pCO2 values at Roberts Cemetery also likely 

resulted from the shallow water and narrow channel at this site because: (1) narrow 

aquatic systems are likely to receive a heavier loading of terrestrial OM per unit 

discharge from litterfall due to more canopy cover for small streams (Finlay 2003); and 

(2) sediment processing of OM is strong in shallow aquatic systems (Torgersen and 

Branco 2008).  

 

2.3.4 CO2 emission rates of Buffalo Bayou and Spring Creek 

 Riverine CO2 evasion rates depend on the CO2 concentration gradient between the 

surface water and the overlying air, and the gas exchange coefficient (also known as gas 

transfer velocity) (Raymond et al. 1997; Wanninkhof 1992): 
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)( ,2,22 hahwCO KpCOKpCOkFlux ×−××=  

 

Where Kh is Henry’s law constant at a given temperature and salinity; pCO2,w×Kh and 

pCO2,a × Kh are the actual concentration of CO2 in the surface water and the 

concentration of CO2 the water would have if it were in equilibrium with the overlying air, 

respectively; kCO2 is the gas exchange coefficient for CO2 at a given temperature for a 

given type of river. All the CO2 evasion rates presented in this study are reported per area 

of water surface, not per area of the basins.  

 We used two methods to estimate kCO2 for our systems. First, we derived kCO2 from 

empirical models (Melching and Flores 1999). Second, we estimated kCO2 from the wind 

speed relationship (Raymond and Cole 2001). 

In the first method we calculated the reaeration-rate coefficient (K2) from the 

hydraulic characteristics of our river systems using the empirical models in Melching and 

Flores (1999), and then converted the reaeration-rate coefficient to the gas exchange 

coefficient for O2 (kO2, Hemond and Fechner-Levy 2000), from which we derived kCO2 

(Wanninkhof 1992). However, kCO2 values calculated in this way are in a range of 13-26 

cm h-1, much higher than those applied to other river systems (Cai and Wang 1998; 

Raymond et al. 1997, 2000; Richey et al. 2002; Yao et al. 2007).  

To be conservative, we chose to use the kCO2 estimated from the second method, in 

which kCO2 values were calculated from k600 values using the following power function 

(Jahne et al. 1987):  

 

(1) 



 23

n
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k600 is the gas exchange coefficient for CO2 at 20°C in freshwater (CO2 has a Schmidt 

number of 600 in this condition). k600 and n estimated for estuaries in 39 coastal cities in 

the United States with a mean daily wind speed of 4.6 ± 0.28 m s-1 (ranging from 3 to 7.7 

m s-1) are 3-7 cm h-1 and -0.5, respectively (Raymond and Cole 2001). The average wind 

speed in Houston for the study period, obtained from the same wind speed data resource 

(NOAA 2009b) as in Raymond and Cole (2001), was 3.4 m s-1 (ranging from 0.5 to 9.7 m 

s-1), so conservatively we applied a k600 value of 3 cm h-1 and the same n value (-0.5) in 

the calculation. The Schmidt number for freshwater CO2 (
2COSc ) is a function of 

temperature (t) in °C (Wanninkhof 1992): 

 

32 04132.04527.311.1181.1911
2

tttScCO ×−×+×−=  

  

 Our most conservative calculations (based on kCO2 values estimated from the wind 

speed relationship) show that average CO2 emission rates are consistent across sites 

within rivers, again with the exception of Roberts Cemetery, which has a much higher 

CO2 outgassing rate than the other two sites in Spring Creek (Table 2-2). Due to its 

generally higher riverine pCO2 values, Spring Creek released CO2 to the atmosphere at a 

rate of 5.31 ± 2.4 Mg C ha-1 year-1, about 1.5 times that in Buffalo Bayou, 3.25 ± 1.65 Mg 

C ha-1 year-1.  

 Compared to other rivers in which pCO2 values or CO2 evasion fluxes were directly 

measured, the CO2 emission rates of Buffalo Bayou and Spring Creek are intermediate 

(3) 

(2) 
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between those of temperate rivers in northeast US and those of Amazonian rivers (Table 

2-4). However, it should be emphasized that the kCO2 values we used to estimate CO2 

emission rates are very conservative. If the kCO2 values derived from empirical models 

and hydraulic characteristics were used, our river systems would have CO2 emission rates 

(24.98 ± 10.76 Mg C ha-1 year-1 for Buffalo Bayou and 22.85 ± 8.85 Mg C ha-1 year-1 for 

Spring Creek) higher than those in Amazonian rivers (Table 2-4), as in the case of two 

other subtropical rivers (Cai and Wang 1998; Yao et al. 2007). Even with the most 

conservative estimates of kCO2, results of this study suggest that humid subtropical rivers 

are releasing CO2 to the atmosphere at a rate comparable to large humid tropical rivers, 

and globally they may be a large source of atmospheric CO2.  

 

2.3.5 Potential sources of riverine CO2 and their carbon isotopic signatures 

Potential sources of riverine DIC include atmospheric CO2, soil CO2 and in situ 

respiration of terrestrial OM, and dissolution of carbonate. Each of these sources has 

distinct Δ14C and δ13C signatures, allowing individual sources to be visualized separately 

on a plot of δ13C vs. Δ14C (Fig. 2-5). In the next few paragraphs, we will discuss the 

range of possible Δ14C and δ13C signatures of DIC from each potential source.  

As river water is in contact with the atmosphere, atmospheric CO2 exchanges with 

CO2 in river water and thus may potentially make up a fraction of riverine DIC. CO2 in 

surface air across North America had Δ14C values of 55-66‰ in 2004 (Hsueh et al. 2007). 

If we assume that Δ14C of atmospheric CO2 has been dropping at a rate of about 6‰ per 

year (Trumbore et al. 2006), Δ14C of atmospheric CO2 in 2007 and 2008 should be in the 

range of 31-48‰. Since by definition Δ14C is fractionation corrected, atmosphere-derived  
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River Mean pCO2 (μatm) k (cm h-1) CO2 emission flux 

(Mg C ha-1 year-1) References 

Tropical     
Amazon 4,350 ± 1,900 (mainstem) 

5,000 ± 3,300 (major tributaries) 
9.58 ± 3.75 (mainstem) 

5 ± 2.08 (major tributaries) 8.3 ± 2.4 Richey et al. (2002) 

Ji-Parana - - 2.27-47.80 Rasera et al. (2008) 
     
Subtropical     
Xijiang River 2,600 8-15 8.3-15.6 Yao et al. (2007) 
Satilla River Estuary - 12.5 18 to >30.6 Cai and Wang (1998) 
Buffalo Bayou 3,052 ± 1,364 2.59-4.18 3.25 ± 1.65 This study 
Spring Creek 4,702 ± 1,980 2.31-3.78 5.31 ± 2.40 This study 
     
Temperate     
Hudson 1,125 ± 403 1.54-4.1 0.7-1.62 Raymond et al. (1997) 
York River Estuary 1,070 ± 867 4.7 0.53-0.75 Raymond et al. (2000) 

All the riverine pCO2 values were directly measured except for the Xijiang River. CO2 emission fluxes were computed from directly measured riverine pCO2, 
or were directly measured where riverine pCO2 values were not available.  
CO2 emission flux is for per area of water surfaces, not for per area of the basins. 

 
Table 2-4. Riverine pCO2 values and CO2 emission fluxes for some world rivers.  
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Figure 2-5. δ13C versus Δ14C of riverine DIC in Buffalo Bayou (diamonds) and Spring 
Creek (triangles) in comparison with those in Amazonian rivers (A, carbonate free), the 
Hudson River (H), the Parker River (P), and the York River (Y) (Mayorga et al. 2005; 
Raymond and Bauer 2001a; Raymond et al. 2004). Also plotted are δ13C versus Δ14C of 
DIC from potential sources (in solid boxes): atmospheric CO2 (Atmosphere), OM 
respiration, and carbonate dissolution (Carbonate). There are three sources of carbonate 
in the study watersheds (in dashed boxes): natural pedogenic carbonate (Pedogenic), and 
anthropogenic use of crushed limestone/dolomite (L/D) and shells (Shell).  
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DIC should have the same Δ14C values as atmospheric CO2. For the δ13C of DIC from 

atmospheric CO2 invasion, we chose the range of -5 to -3‰ from an earlier study 

(Raymond et al. 2004). 

We grouped soil CO2 and decay of terrestrial OM together as one source, OM 

respiration (Fig. 2-5). To estimate the age of subtropical soil-respired terrestrial OM, we 

assumed it was intermediate between that of temperate and tropical soils. Since the mean 

age of soil respired C in temperate forests is three times of that in tropical forests 

(Trumbore 2000), we assumed that turnover time of OM in temperate rivers is 15 years, 

three times of that in Amazonian rivers (<5 years) (Mayorga et al. 2005), unless there is 

ancient OM respired in rivers as in the Hudson (Cole and Caraco 2001; Raymond et al. 

2004). There is no OM-rich shale in the basins of Buffalo Bayou and Spring Creek. 

Residence time of OM was, therefore, assumed to be in a range of 5-15 years. Based on 

the average Δ14C values of 31-48‰ for atmospheric CO2 in 2007 and 2008 and the 

annual decreasing rate of about 6‰, DIC from OM respiration has Δ14C values in a range 

of 61-138‰. The δ13C values of DIC derived from soil CO2 and in-situ OM respiration is 

determined by the δ13C signatures of the OM remineralized, which fall in the range from 

-34 to -20‰ for other rivers (Masiello and Druffel 2001; Mayorga et al. 2005; Raymond 

and Bauer 2001b; Raymond et al. 2004; Trumbore et al. 2006). Since there is a 7-11‰ 

isotopic fractionation (Mook et al. 1974; Zhang et al. 1995) when CO2 from soil and 

in-situ OM respiration is dissolved and converted to DIC, riverine DIC from these 

sources would have δ13C values ranging from -27 to -9‰.  

 Carbon isotopic signatures of DIC from the three types of carbonate in the Buffalo 

Bayou watershed (pedogenic carbonate, crushed limestone/dolomite and shells), both 
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individually and as a group, are distinctive from those of DIC from atmospheric CO2 and 

OM respiration (Fig. 2-5). Pedoganic carbonate in Texas has δ13C values of -6 to +1‰, 

and Δ14C values of -1000 to -860‰ (Nordt et al. 1998; Rightmire 1967; Valastro et al. 

1968). Crush limestone/dolomite is radiocarbon dead (Δ14C = -1000‰) and has δ13C 

values of ~0‰. The conventional ages of shells in Galveston Bay range from 2,200 to 

5,400 years (Kibler 1999), corresponding to Δ14C values of -489 to -240‰, and δ13C 

values of shells span a range of -7 to +4‰ (Douglas and Staines-Urias 2007; Gentry et al. 

2008; Keller et al. 2002; McConnaughey and Gillikin 2008; Wisshak et al. 2009). When 

carbonate is dissolved by soil CO2, DIC produced has Δ14C and δ13C signatures 

intermediate between those of carbonate and soil CO2. Using a Δ14C range of +20 to 

+150‰ (Trumbore 2000; Trumbore et al. 2006) and a δ13C range of -29 to -18‰ as in 

Raymond et al (2004) for soil CO2, we estimated isotopic signatures of DIC from 

dissolution of each type of carbonate, as showed in Fig. 2-5.  

 

2.3.6 Temporal and spatial variation in sources of riverine CO2  

 Large variation in river discharge (Fig. 2-6a) caused the concentration of riverine 

DIC in Buffalo Bayou to vary significantly throughout the entire study period (Fig. 2-6b). 

We found a negative relationship between DIC concentration and river discharge in 

Buffalo Bayou: DIC concentration was lower when the river had a higher discharge (Fig. 

2-7a). A similar observation was reported for a river in Hawaii by Paquay et al (2007). 

However, at times when river discharge was high, DIC mass flow rates (DIC 

concentration × discharge) were higher (Fig. 2-7b). This implies that DIC was added to 

rivers during rainfall events although the overall concentration of riverine DIC was 
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 Figure 2-6. Seasonal variation in (a) river discharge and (b) concentration of DIC for 
Buffalo Bayou and Spring Creek from June 2007 to February 2009. River discharge data 
were obtained from the USGS for station at SPP (08073700) in Buffalo Bayou and 
station near Tomball (08068275) in Spring Creek. Diamonds and solid circles are daily 
discharge for Buffalo Bayou and Spring Creek, respectively, on the days sampled.   
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Figure 2-6. Seasonal variation in (c) Δ14C of DIC and (d) δ13C of DIC for Buffalo Bayou 
and Spring Creek from June 2007 to February 2009. Error bars on mM DIC, Δ14C-DIC 
and δ13C-DIC are smaller than symbols.  
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Figure 2-7. Relationship between (a) DIC concentration and discharge, (b) DIC mass 
flow rate (DIC concentration × discharge) and discharge, for the SPP site in Buffalo 
Bayou. Daily discharge data were from the USGS (2009).  
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diluted. There was no obvious seasonal variation in DIC concentration in Spring Creek, 

probably due to relatively constant river discharge on all dates sampled (Fig. 2-6a). 

Concentration of DIC was generally higher in Buffalo Bayou (0.78-3.87 mM, averaging 

2.35 ± 1.03 mM) than in Spring Creek (0.74-1.89 mM, averaging 1.14 ± 0.30 mM) (Fig. 

2-6b), likely associated with carbonate dissolution in the Buffalo Bayou watershed. 

Like riverine pCO2 for both Buffalo Bayou and Spring Creek, Δ14C and δ13C values 

of DIC were generally consistent among sites within the same river (Fig. 2-6c, d), 

suggesting that sources of DIC were generally similar for different segments of the same 

river. There was no clear seasonal pattern in Δ14C-DIC and δ13C-DIC (Fig. 2-6c, d).  

DIC in Buffalo Bayou was more depleted in Δ14C than in Spring Creek at all times, 

and was more enriched in δ13C than in Spring Creek most of the time (Fig. 2-6c, d). 

Averaging all sites in each river yields mean Δ14C-DIC values of -117.3 ± 45.3‰ for 

Buffalo Bayou and 37.3 ± 52.5‰ for Spring Creek. Overall average δ13C-DIC for 

Buffalo Bayou was -12.1 ± 1.1‰ and for Spring Creek was -13.8 ± 1.5‰.  

Distinctive isotopic compositions of riverine DIC indicate that Buffalo Bayou and 

Spring Creek have different primary DIC sources. DIC isotopic signatures for Buffalo 

Bayou are close to those for the Hudson River (Fig. 2-5) in which old DIC was sourced 

from ancient shale OM and carbonate (Raymond et al. 2004). Since there is no shale OM 

in our study watersheds, the old DIC in Buffalo Bayou was likely from carbonate 

dissolution. The much older DIC at Sabine and McKee on July 24, 2008 implies higher 

input of carbonate to Buffalo Bayou due to Hurricane Dolly. 

The carbon isotopic signatures of DIC in Spring Creek resemble those observed in 

Amazonian rivers, the Parker River, and the York River (Fig. 2-5), in which respiration of 
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young terrestrial OM support river CO2 supersaturation (Mayorga et al. 2005; Raymond 

and Bauer 2001a; Raymond et al. 2000). The riparian zone (100-1000 m from the creek 

on both sides) along most of the course of Spring Creek is covered by trees. Litterfall 

production could be very high in such small watersheds (Selva et al. 2007). Direct export 

of this litterfall, and DOC leached out from this litterfall and eventually delivered to the 

creek is likely a large source of the relatively young OM sustaining river respiration in 

Spring Creek. There are two exceptions, both occurred at the Gosling site in Spring Creek, 

on July 10, 2008 and on February 5, 2009. On these two sampling dates the Gosling site 

had much older (lower Δ14C) and significantly more 13C-enriched DIC than the other two 

sites in Spring Creek, indicating a carbonate input. Without these two data points, average 

Δ14C value of DIC in Spring Creek is +52‰. This is consistent with carbon fixed in 2005 

(Hsueh et al. 2007) or in 1956-1957 (Broecker and Walton 1959; Burchuladze et al. 1989), 

giving a carbon residence time of four or 53 years.   

 

2.3.7 Potential role of anthropogenic carbonate as a source of atmospheric CO2 

Carbonate dissolution is generally regarded as a sink of atmospheric CO2, because 

when carbonate is dissolved by soil CO2, CO2 is sequestrated as bicarbonate (CaCO3 + 

H2O + CO2 → Ca 2+ + 2HCO3
-). However, carbonate can also be dissolved by stronger 

environmental acids, like HNO3 or H2SO4 from urban air pollution or fertilizer use, or by 

soil organic acids from OM decomposition. In the case of these acids, the reaction is 

CaCO3 + 2H+ → Ca 2+ + H2O + CO2, and this induces a net flux of CO2 into the 

atmosphere. The net effect of carbonate dissolution on atmospheric CO2 concentration, 

therefore, depends on the sources of acidity driving the dissolution process. 
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Although results from this study suggest that crushed limestone/dolomite and shells 

contribute to river CO2, we can not determine whether this carbonate is a net source or 

sink of atmospheric CO2 because the sources of acidity in our watersheds are not 

well-constrained. Evaluation of the size and direction of anthropogenic carbonate-driven 

CO2 fluxes also requires a much finer-scale knowledge of forms of carbonate used, 

locations of application, amounts applied, and timescales of both human application and 

dissolution processes.  

 Despite the difficulties, estimating the role of anthropogenic carbonate as a potential 

source of atmospheric CO2 is important for regional and global carbon budgets for two 

reasons. First, every year crushed limestone/dolomite (shell use is negligible compared to 

use of crushed limestone/dolomite) is used in large amounts nation-wide. In 2006-2007, 

about 1.2 Gt of crushed limestone/dolomite was consumed per year in the US (USGS 

2007, 2009). Second, strong acids in the environment are capable of dissolving these 

carbonate minerals and contributing to atmospheric CO2. One example is the presence of 

HNO3 in agricultural soils due to nitrogen fertilizer use, which caused a net 4.4-6.6 Tg 

CO2 emission from the use of 20-30 Tg of crushed limestone/dolomite in agricultural 

land in the US in 2001 (West and McBride 2005). Acid rain is another common 

environmental source of acidity (Aulenbach et al. 1996; Bricker and Rice 1993; Gatz 

1991). To date, attention has been paid only to the 2% of crushed limestone/dolomite 

used in agriculture, while the fate of the rest 98% used for other purpose remains 

unknown (USGS 2007; West and McBride 2005) and needs further study.  

 

2.4 Conclusions 
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 pCO2 measurements indicate that both subtropical rivers we studied are 

supersaturated with CO2 relative to the atmosphere throughout the year. Mean riverine 

pCO2 values of the two rivers are 7-10 times the CO2 concentration of the atmosphere, 

consistent with a recent study conducted in a subtropical river in southern China (Yao et 

al. 2007). Estimated CO2 evasion fluxes per unit area of these two rivers are intermediate 

between those of temperate rivers and Amazonian rivers (Mayorga et al. 2005; Raymond 

et al. 1997, 2000), implying that humid subtropical rivers may be a large CO2 source to 

the atmosphere.  

 Precipitation is an important control on daytime and seasonal variations in riverine 

pCO2 at our sites, probably driving changes in the production and transport of soil CO2 to 

rivers. The effect of rainfall events on river CO2 concentration depends on the intensity of 

rainfall and watershed impermeability. 

 Isotopic signatures of riverine DIC suggest that the two subtropical rivers have 

different carbon sources supporting river CO2 supersaturation. In Spring Creek, which is 

relatively undeveloped, river heterotrophic respiration is fueled by relatively young OM 

(years to decades old), while in Buffalo Bayou, which is 80% urbanized, we observed a 

significant input of old and relatively 13C-enriched DIC. Potential sources of the old DIC 

are pedogenic carbonate, and anthropogenically added carbonate (crushed 

limestone/dolomite and shells) used as aggregate in road construction in the drainage 

basin. Future study is needed to evaluate the role of the carbonate used by humans in the 

global carbon cycle. 
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CHAPTER 3 

Controls on the origin and cycling of riverine dissolved inorganic carbon  

in the Brazos River, Texas 

 

Abstract 

 Rivers draining watersheds including carbonate bedrock or organic matter (OM)-rich 

sedimentary rocks frequently have 14C-depleted dissolved inorganic carbon (DIC) relative 

to rivers draining carbonate- and OM- free watersheds, due to dissolution of carbonate 

and/or decomposition of ancient OM. However, our results from a subtropical river, the 

Brazos River in Texas, USA, show that in this watershed human activities appear to 

dominate basin lithology in controlling the origin and metabolism of DIC. The middle 

Brazos flows through limestone and coal-bearing bedrock, but DIC isotope data suggest 

no limestone dissolution or respiration of ancient OM, and instead reflect efficient 

air-water CO2 exchange, degradation of relatively young OM and photosynthesis in the 

river as a result of river damming and urban treated wastewater input. The lower Brazos 

drains only small areas of carbonate and coal-bearing bedrock, but DIC isotope data 

suggest the strong influence of carbonate dissolution, with a potentially minor 

contribution from decomposition of old soil organic matter (SOM). Oyster shells and 

crushed carbonate minerals used in road construction are likely sources of carbonate in 

the lower Brazos, in addition to natural marl and pedogenic carbonate. Additionally, the 

generally low pCO2 and high DIC concentration in the Brazos River lead to a low CO2 

outgassing : DIC export ratio, distinguishing the Brazos River from other rivers. 
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3.1 Introduction 

 Conservative estimates show that globally, rivers receive at least 1 Gt C year-1 (in 

both organic and inorganic forms) from land (Cole et al. 2007; Meybeck 1993), 

equivalent to half of the net oceanic uptake of anthropogenic CO2 (Sarmiento and 

Sundquist 1992). Of the terrestrial carbon transported by river systems, at least 0.35 Gt 

year-1 is released to the atmosphere as CO2, and about 0.7 Gt year-1 is exported to the 

ocean (Cole et al. 2007). 

 One important control on the source and fate of terrestrial carbon in river systems is 

basin lithology, as reflected in the isotope values of riverine dissolved inorganic carbon 

(DIC = dissolved CO2 + HCO3
- + CO3

2-). Black shales rich in organic matter (OM) in the 

northeast US provide rivers with very old organic carbon, and decomposition of this 

ancient terrestrial organic carbon may have contributed to the low Δ14C values of the DIC 

(-69 to -6‰) and to evasion of CO2 from the northeast US rivers (Cole and Caraco 2001; 

Raymond et al. 2004). In watersheds composed of carbonate rocks (e.g. limestone and 

dolomite), dissolution of carbonate is generally an important source of riverine DIC 

(Chakrapani and Veizer 2005; Helie et al. 2002; Kanduc et al. 2007b; Karim and Veizer 

2000; Lambs et al. 2009; Zhang et al. 2009). Even in the Tana River in Kenya, in which 

river particulate organic carbon (POC) is significantly decomposed during transit, the 

dissolution of carbonate and silicate in the watershed still dominates OM respiration as 

the major source of river DIC (Bouillon et al. 2009).  

 Human activities, such as river damming and urban development, are another control 

on river carbon cycling. Wachniew (2006) found that rapid decomposition of labile OM 

from effluents of two wastewater plants lowered δ13C values of DIC in the Vistula River 
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in Poland by about 1‰. Enrichment of 13C in the DIC pool due to enhanced air-water 

CO2 exchange in reservoirs also affects river carbon isotope values (Brunet et al. 2005; 

Wachniew 2006). Increased DIC export from urban watersheds as a result of increased 

chemical weathering, CO2 production, and wastewater input has additionally been 

observed (Barnes and Raymond 2009). 

 Studies assessing the effects of lithology versus human activities on river carbon 

cycling are few, and these studies have generally found that the influence of lithology is 

more important than that of human activities. For example, although carbonates compose 

only ~5% of the bedrock geology of the watershed in the densely populated Lagan River 

basin in Northern Ireland, they were a more important source of river DIC than 

wastewater discharged from industries and urban-rural areas (Barth et al. 2003). In the 

Vistula River in Poland which receives high loads of pollutants from its watershed and 

drains a watershed mostly composed of carbonate bedrocks, δ13C values of DIC suggest a 

predominant influence of carbonate rock dissolution (Wachniew 2006). Similarly, 

lithology showed a dominant control on carbon geochemistry in a mountainous tributary 

of the Zhujiang (Pearl River) in southeast China, although impacts of agricultural, urban, 

and river damming activities were also observed (Zhang et al. 2009).   

Our first objective in this study was to determine the relative influence of basin 

lithology and human activities on carbon cycling in the Brazos River, a subtropical river 

in Texas. The Brazos River is the longest river (2060 km) in Texas. It runs through large 

areas of carbonate bedrock in its middle reach, which has minor outcrops of coal-bearing 

bedrock. Several cities are developing along this middle reach of the Brazos River, and 

the river main stem is dammed in two of these cities. These characteristics make the 
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Brazos River an excellent field site to study the effects of basin lithology and human 

activities on the sources and carbon isotope values (δ13C and Δ14C) of riverine DIC. 

The second objective of this study was to determine the fraction of the inorganic 

carbon in the Brazos River that is exported to the ocean. Cole et al. (2007) estimated that 

about 0.23 Pg year-1 of terrestrial carbon is lost from rivers to the atmosphere through 

CO2 outgassing, and about the same amount of terrestrially derived inorganic carbon 

(0.26 Pg year-1) is exported to the ocean, suggesting that the CO2 outgassing : DIC export 

ratio of global rivers is about 1:1. However, tropical rivers tend to outgas substantially 

more CO2 to the atmosphere relative to the inorganic carbon they deliver to the ocean. 

For example, in the Amazon River system, the amount of terrestrial carbon returned to 

the atmosphere each year is more than ten times the total carbon (organic and inorganic) 

the river exports to the ocean (CO2 outgassing : DIC export > 10:1) (Richey et al. 2002). 

Similarly, the Nyong River in Cameroon releases CO2 to the atmosphere at a rate four 

times that of DIC export to the Gulf of Guinea (CO2 outgassing : DIC export = 4:1) 

(Brunet et al. 2009). If river CO2 evasion and DIC export are equal (0.23-0.26 Pg year-1) 

on a global scale, then some rivers must export more inorganic carbon to the ocean than 

they release as CO2 (i.e. CO2 outgassing : DIC export < 1:1). One example is the Ottawa 

River, of which CO2 evasion is about 30% of DIC export by the river (CO2 outgassing : 

DIC export = 0.3:1) (Telmer and Veizer 1999). Therefore, the second objective of this 

study was to quantify the CO2 outgassing and DIC export fluxes, and the CO2 outgassing : 

DIC export ratio of the Brazos River.  

 We measured concentration and carbon isotopes (δ13C and Δ14C) of DIC as well as 

pCO2 to demonstrate that the Brazos River differs from previously studied rivers in that 
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(1) human activities appear to have overprinted the natural isotope values of DIC in the 

Brazos River derived from basin lithology, and (2) the Brazos River degasses much less 

CO2 to the atmosphere than it delivers DIC to the ocean. 

  

3.2 Study area and methods 

3.2.1 Study area 

The Brazos River begins at the juncture of the Salt Fork and the Double Mountain 

Fork, which merge at 33°16'N, 100°0.5'W, about 110 km upstream of Seymour, TX. It 

then flows 1,344 km across Texas in a southeasterly direction, and drains into the Gulf of 

Mexico at 28° 52.5' N, 95° 22.5' W, 3 km south of Freeport in Brazoria County, TX (Fig. 

3-1a). Of the 116,000 km2 Brazos River basin, 107,520 km2 are in Texas. The relief of the 

Brazos River basin is generally low, with a channel gradient of no more than 0.67 m per 

kilometer (Stricklin 1961). Besides the Salt and Double Mountain forks, the Brazos has 

five other principal tributaries: the Clear Fork, the Bosques River, the Little River, Yegua 

Creek and the Navasota River (Fig. 3-1a).   

The climate in the middle and lower Brazos varies from temperate to subtropical. 

During the entire study period (March 2007 to July 2009), mean annual precipitation was 

990 mm in Granbury, TX (middle Brazos, 32°26.5’N, 97°47.5’W) and 1,050 mm in 

Freeport, and mean annual temperature was 16°C in Granbury and 21°C in Freeport 

(NOAA 2009a). Daily discharge variations were consistent along the Brazos River, with 

high river discharges in the spring and summer of 2007 and 2008, and spring and fall of 

2009 (data from USGS).  

The lithology of the Brazos River basin varies along the river (Fig. 3-1a). In the
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Figure 3-1. (a) Surface geologic map of the Brazos drainage basin made according to digital maps by Stoeser et al (2005) and Tewalt et al (2008). 
Compositions of strata are: Permian age - red beds, with a large fraction of sand; Pennsylvanian age - red beds and limestone; Cretaceous age - 
limestone (Stricklin 1961). The seven tributaries of the Brazos (letters in circles) are Salt Fork (A), Double Mountain Fork (B), Clear Fork (C), Bosques 
River (D), Little River (E), Yegua Creek (F), and Navasota River (G). Cities are labeled in pink. There are 7 sampling sites numbered in the boxes. Sites 
1 and 2 are dammed several kilometers downstream. Dams cannot be seen because they are masked by sampling site symbols (yellow stars). (b) Land 
cover map of the Brazos drainage basin made according to the digital map by National Center for Earth Resources Observation and Science and U.S. 
Geological Survey (2005). 
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upper Brazos (upstream from Graham, TX), the bedrock is primarily composed of highly 

erodible Pennsylvanian (upper Carboniferous, 318-299 Ma BP) and Permian (299-251 

Ma BP) red beds, with a large fraction of sand (Stricklin 1961). The middle Brazos 

(Graham to Waco, TX) is underlain by resistant Pennsylvanian and Cretaceous 

(145.5-65.5 Ma BP) limestone and red beds (Moore and Plummer 1922; Stricklin 1961). 

Bituminous coal is present in the Middle-Upper Pennsylvanian Strawn, Canyan, and 

Cisco groups (Hackley et al. 2009; Moore and Plummer 1922). In the lower Brazos 

(downstream from Waco), the predominant bedrock is Eocene (56-34 Ma BP), Miocene 

(23-5.3 Ma BP) and Pleistocene (2.6 Ma to 11.7 Ka BP) sand, silt and clay deposits 

(Cronin et al. 1963; Stricklin 1961). The channel floor and walls of the lower Brazos are 

alluvium (green color in Fig. 3-1a) formed in the Pleistocene and Holocene (11.7 Ka BP 

to present) (Phillips 2007; Stricklin 1961). This alluvium consists of aluminosilicate 

gravel, sand, clay and silt (Shah et al. 2007). The presence of old carbon in the drainage 

basin bedrock is very limited in the lower Brazos compared to the middle Brazos (Fig. 

3-1a), but includes (1) carbonate existing as Cretaceous Taylor marl (99.6-65.5 Ma BP) 

about 40 km downstream Waco, TX in a belt 160 km long and 56 km wide parallel to the 

coast (Cronin et al. 1963); (2) lignite in the Tertiary Wilcox and Jackson groups (Ruppert 

et al. 2002); (3) pedogenic carbonate in the Beaumont Formation in the coastal region of 

Texas (Nordt et al. 2006); and (4) oyster shells and crushed carbonate minerals used in 

road construction in US Gulf coast (Doran 1965; Titi et al. 2003). Although these small 

sources of old carbon are numerous, they are scattered and account for only a small 

portion of regional lithology. 

 The predominant land use in the entire Brazos watershed is agriculture (Phillips 2007) 
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(Fig. 3-1b). Within the middle and lower Brazos watershed, forests and pasture dominate 

the northern region from 80 kilometers upstream of Graham to Waco, while grassland and 

row-crop agriculture dominate downstream of Waco. Both sides of the land adjacent to 

the lower Brazos from Waco to College Station, TX are dominated by cropland, with 

little or no riparian borders. As the Brazos flows toward the Gulf of Mexico, it runs 

through or near several cities (Fig. 3-1b). The total population in the entire Brazos 

drainage basin is about 3.5 million (Phillips 2007). The Brazos is dammed in several 

places, and all three major dams are located north of Waco.   

 We collected samples at seven sites in the main stem of the middle and lower Brazos 

(Fig. 3-1a). The two sites (1 and 2) in the middle Brazos are located where the Brazos 

flows through urban areas, Granbury and Waco (Table 3-1). The main stem of the Brazos 

is dammed several kilometers downstream these sites, forming Lake Granbury in 

Granbury and a town-lake in Waco. The river is wide and flows slowly at both sites 1 and 

2 (Table 3-1). The five sites in the lower Brazos are located in rural areas. From north to 

south, they are at FM 60 about 10 km southwest of College Station (site 3), at US 290 

(site 4), at FM 1458 (site 5), about 20 km upstream from the mouth (site 6), and the 

mouth (site 7) (Fig. 3-1a and 3-1b; Table 3-1). We sampled sites 1-5 on bridges over the 

Brazos River and sites 6 and 7 using a boat.     

 

3.2.2 Methods 

 This study was conducted between March 2007 and July 2009. At each site, we 

measured surface water temperature and pH in situ using a YSI pH10 pH/Temperature 

meter. On July 23, 2009, we also measured dissolved oxygen content (DO) of surface  
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Width of the river (m) 
Site 

number Site location 
Distance from 
the site to the 
mouth (km) 

Catchment 
area upstream 

sites (km2) 

Elevation 
(m) 

City 
adjacent 

City 
area 
(km2) 

Population  
(in 2007) 

Distance 
upstream of 
the nearest 
dam (km) 
(year dam 
completed) 

Upstream 
of dam 

Downstream 
of dam 

Annual mean 
discharge (m3/s) 

(period) 

1 
In Granbury 
(32º26.5’N,  
97 º46’W) 

460 65,350 191.9 Granbury 15.9 8,029 12 (1969) 400 80 29.3 (1970-2008)

2 
In Waco 
(31º33.7’N,  
97 º7.7’W) 

344 75,671 106.5 Waco 247.4 122,222 4 (1970) 100 50 62.2 (1971-2008)

3 
At FM 60 * 
(30º33.5’N,  
96 º25.5’W) 

230 99,965 57.7 - - - - 70 149.9 (1994-2008)

4 
At US 290 * 
(30º7.7’N,   
96 º11.2’W) 

160 112,333 32.9 - - - - 100 198.7 (1939-2008)

5 
At FM 1458 * 
(29º48.5’N,  
96 º5.7’W) 

125 113,903 20.7 - - - - 140 206.2 (1939-2008)

6 
Near the mouth 
(29º1.5’N,   
95 º27.7’W) 

20 14.9 - - - - 120 

7 
At the mouth 
(28º52.7’N,  
95 º22.8’W) 

0 

116,068 

0.9 - - - - 200 

240.4 (1968-2008)

Sites in the middle Brazos: sites 1 and 2, in Granbury and Waco, respectively. Sites in the lower Brazos: sites 3-7.  
Sites 1-5 were sampled on bridges crossing the Brazos River. Sites 6 and 7 were sampled using a boat.  
Discharge, catchment and elevation data were obtained from US Geological Survey. For site 1: average of data from stations 08090800 and 08091000; for site 2: 
station 08096500; for site 3: station 08108700 (about 15 km upstream of site 3); for site 4: station 08111500; for site 5: average of data from stations 08111500 
and 08114000; for sites 6 and 7: station 08116650 (about 30 km upstream of site 6).  
*: Numbers are the names of roads or highways.   
 

Table 3-1. Basin and hydrology information for the Brazos River basin. 
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water in situ at sites 1 and 2 using an HI 9828 multimeter from Hanna Instruments. All 

the water pCO2 and DIC samples were taken directly from the middle part of river 

cross-sections at depths between 10 and 30 cm from bridges using a submersible pump 

(SHURflo 9325-043-101). 

For each site we collected three ambient air pCO2 and three water pCO2 samples. We 

took ambient air CO2 samples on bridges, and collected river water pCO2 samples by 

headspace equilibration as described in Raymond et al. (1997). All pCO2 samples were 

transported to the laboratory and analyzed using an infrared CO2 analyzer (Li-Cor 7000) 

on the same day they were collected, using a set of 349, 1500, 3000, and 10,100 μatm 

CO2 gas standards (Scott Specialty Gases).  

We collected DIC samples using 250 ml pre-cleaned (soapy water, deionized water 

and Milli-Q water) and pre-combusted (500°C for 2 h) bottles. To minimize CO2 

exchange between the sample and the air, we overflowed the bottle from the bottom three 

times. DIC samples were stored at 0°C from time of collection to poisoning with 

saturated HgCl2 solution and sealing with Apiezon-N grease in the lab. All DIC samples 

were sent to the National Ocean Sciences Accelerator Mass Spectrometry Facility 

(NOSAMS) for analysis of DIC concentration and isotopic composition (Δ14C and δ13C). 

There, DIC samples were acidified using 85% H3PO4 and then sparged with high-purity 

N2 gas (99.99%) (McNichol et al. 1994). The evolved CO2 was collected cryogenically 

using liquid nitrogen traps (-190°C) on a vacuum line (McNichol et al. 1994). Small 

aliquots (10%) of the CO2 gas were analyzed on an isotope ratio mass spectrometer VG 

PRISM or VG OPTIMA for δ13C. Larger aliquots (20%) of the CO2 gas were reduced to 

a graphite target, which was finally analyzed by accelerator mass spectrometry (AMS) to 



 47

determine Δ14C (McNichol et al. 1994).  

 To explore the possible contribution of old organic carbon from coal weathering to 

the Brazos River's DIC pools, we analyzed the black carbon content of riverine 

particulate organic matter (POM) at site 3, which is downstream from most of the lignite 

deposits (Fig. 3-1a). We made this measurement using cross-polarization and magic angle 

spinning (CP/MAS) solid-state 13C NMR (nuclear magnetic resonance) and a molecular 

mixing model. We collected about 120 l of river water, which was stored in a refrigerator 

overnight to let the particles settle. We then removed the top clear water and used a 

centrifuge to collect sediment from the bottom water. Finally we dried the sediment using 

a freeze dryer. We conducted the NMR experiments on Rice University's 200 MHz 

Bruker Avance spectrometer, equipped with a 4 mm magic angle spinning (MAS) probe. 

We aquired CP spectra with a 1 ms contact time, at 5 kHz MAS frequency, and 2 s 

recycle delay. For each experiment, we collected 40,000 acquisitions (scans). We then 

processed and deconvoluted the NMR spectrum with the parameters and molecular 

mixing model described by Baldock et al (2004). The molecular mixing model generates 

an estimate of black carbon content, among other properties.  

 We applied Student’s t-test to examine if there is significant difference in river pCO2, 

DIC concentration, δ13C and Δ14C of DIC between the middle and lower Brazos. p values 

equal to or less than 0.05 suggest that the difference is significant, and p values less than 

0.01 suggest that the difference is very significant.   

 

3.3 Results 

3.3.1 Longitudinal variation in pCO2, concentration and isotope values of DIC 
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Measured concentration of atmospheric CO2 at all study sites averaged 424 ± 43 

μatm (Table 3-2). Riverine pCO2 values in the Brazos were generally low. Average pCO2 

was 760 ± 243 μatm in the middle Brazos and was 1,174 ± 418 μatm in the lower Brazos 

(Table 3-2, Fig. 3-2a), showing no significant difference (p = 0.0564) between the middle 

and lower Brazos. Riverine pCO2 values at sites 6 and 7 were about three times the 

atmospheric pCO2, slightly lower than those at sites 4 and 5 (4-5 times the atmospheric 

pCO2) probably due to mixing of high-pCO2 river water with low-pCO2 ocean water in 

the Gulf of Mexico (Green et al. 2006; Lohrenz and Cai 2006).  

The concentration of DIC was consistent along the Brazos (p = 0.9732), averaging 

2.8 ± 0.4 mM in the middle Brazos and 2.8 ± 0.9 mM in the lower Brazos (Table 3-2, Fig. 

3-2b). However, the Δ14C (p < 0.0001) and δ13C (p = 0.0011) values of DIC differed 

significantly between the middle and lower Brazos (Table 3-2, Fig. 3-2c and 3-2d). 

Average Δ14C values of DIC in the middle and lower Brazos were +85 ± 77‰ and -151 ± 

52‰, respectively, and average δ13C values of DIC in the middle and lower Brazos were 

-5.2 ± 1.4‰ and -8.9 ± 1.6‰, respectively (Table 3-2). Temporal variations in these 

parameters were minor relative to longitudinal variations (Table 3-2). The statistically 

significant differences in carbon isotope values between the middle and lower Brazos 

suggest distinctive, regional sources and metabolism patterns of DIC. 

 

3.3.2 Black carbon content of riverine POM at site 3 in the lower Brazos 

Black carbon is detected within the NMR peak occurring between 110 and 145 ppm. 

This peak is small relative to other peaks in the spectrum of riverine POM at site 3 (Fig. 

3-3). Because aromatic carbon within lignin is also detected between 110 and 145 ppm, it  
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Site 

number Date sampled pH T (°C) DO  
(mg L-1)

pCO2,a 
(μatm) 

pCO2,w
a 

(μatm) 
DICb 
(mM) 

Δ14C-DIC*c 
(‰) 

δ13C-DIC*d 
(‰) 

The middle Brazos         
1 3/5/2009 8.08 15.6 - 361 439 3.0 +10 -4.2 
 7/23/2009 8.55 27.3 3.36 415 966 2.3 -10 -3.5 
 Mean ± SD 8.32 ± 0.33 21.5 ± 8.3 - 388 ± 38 703 ± 373 2.6 ± 0.5 0 ± 14 -3.9 ± 0.5
          

2 1/6/2008 8.65 12.6 - 443 858 3.5 +73 -7.5 
 7/3/2008 7.92 27.5 - 447 805 2.8 +162 -5.9 
 10/30/2008 7.70 18.7 - 389 483 2.8 +96 -5.7 
 7/23/2009 8.69 28.9 5.47 389 1007 2.6 +179 -4.6 
 Mean ± SD 8.24 ± 0.50 21.9 ± 7.7 - 417 ± 32 788 ± 221 2.9 ± 0.4 +128 ± 51 -5.9 ± 1.2
          

1-2 Mean ± SD 8.27 ± 0.42 21.8 ± 7.0 - 407 ± 34 760 ± 243 2.8 ± 0.4 +85 ± 77 -5.2 ± 1.4
          

The lower  Brazos         
3 3/5/2009 8.01 21.1 - 363 435 4.2 -84 -6.8 
          

4 3/25/2007 8.22 22.8 - 456 1351 2.4 -135 -9.4 
 6/13/2007 - - - 480 1770 4.1 -220 -6.6 
 Mean ± SD 8.22 22.8 - 468 ± 17 1561 ± 296 3.3 ±1.2 -177 ± 60 -8.0 ± 1.9
          

5 3/25/2007 8.24 22.7 - 468 1451 2.5 -141 -9.2 
          

6 11/28/2007 8.32 16.6 - 451 1120 2.3 -194 -9.9 
 11/19/2008 7.83 17.4 - 379 1029 2.0 -192 -10.6 

 Mean ± SD 8.08 ± 0.35 17.0 ± 0.60 - 415 ± 51 1075 ± 64 2.2 ± 0.3 -193 ± 1.5 -10.3 ± 0.6
          

7 11/28/2007 7.94 15.8 - 466 1060 2.2 -94 -9.9 
          

3-7 Mean ± SD 8.09 ± 0.19 19.4 ± 3.2 - 438 ± 47 1174 ± 418 2.8 ± 0.9 -151 ± 52 -8.9 ± 1.6
Sites 3, 5, and 7 were measured only once during the study period. We applied Student’s t-test to examine if there is significant difference between the middle 
Brazos (sites 1 and 2) and the lower Brazos (sites 3-7) in the parameters.  
* means that the difference is significant.  
a p=0.0564, b p=0.9732, c p<0.0001, d p=0.0011.   
 

Table 3-2. Measured parameters for all sampling sites in the Brazos River.  
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Figure 3-2. Longitudinal variations in river water pCO2 (a), DIC concentration (b), Δ14C of DIC (c) and δ13C of DIC (d) in the 
middle and lower Brazos. Dash line in (a) is the measured mean pCO2 value of the atmosphere (428 μatm) at the study sites. 
Numbers on the figures are study site numbers (Table 3-1). Vertical bars represent the standard deviation of all the data for the site. 
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Figure 3-3. CP/MAS 13C NMR spectrum of riverine POM at site 3 in the lower Brazos. 
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is necessary to use a molecular mixing model to determine the black carbon 

concentration. Using the molecular mixing model of Baldock et al (2004), we calculated 

black carbon to be 3.8% of the riverine POM. Since NMR-measured black carbon 

identifies both coal-derived black carbon and soil-derived charcoal black carbon as one 

pool, our final measurement of 3.8% is an upper estimate for coal input to river POM, 

allowing us to conclude that lignite contributed to no more than 3.8% of POM in the 

Brazos.  

 

3.4 Discussion 

3.4.1 Isotope values of potential DIC sources in the Brazos River basin 

We investigated the origins of riverine DIC using a plot of δ13C versus Δ14C for our 

samples and potential DIC sources (Raymond et al. 2004; Zeng and Masiello 2010) 

which include atmospheric CO2 invasion, OM respiration (young and old), and 

dissolution of carbonate (Fig. 3-4). There are three potential sources of carbonate in the 

Brazos watershed: (1) natural carbonate rocks (Pennsylvanian and Cretaceous limestone 

in the middle Brazos and Cretaceous Taylor marl in the lower Brazos), (2) natural 

pedogenic carbonate in the lower Brazos, and (3) anthropogenic carbonate minerals 

(oyster shells and crushed limestone used in road construction) in the lower Brazos. Each 

potential DIC source has a characteristic range of carbon isotope ratios (Fig. 3-4), which 

we outline below. 

Atmospheric CO2 invasion is one potential source of DIC. The Δ14C values of 

atmospheric CO2 were +55 to +66‰ in 2004 (Hsueh et al. 2007), and have been dropping 

at a rate of 6‰ per year (Trumbore et al. 2006), implying that for 2007-2008 DIC from 
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Figure 3-4. δ13C versus Δ14C of riverine DIC in the middle (pink triangles) and lower 
(blue diamonds) Brazos. Also plotted are δ13C versus Δ14C of potential DIC sources (in 
solid boxes): atmospheric CO2 (orange), young OM respiration (red), old OM respiration 
(brown) and carbonate dissolution (blue). There are four possible sources of carbonate in 
the study watershed (in dashed boxes): natural sedimentary carbonate minerals and 
crushed carbonate minerals (blue), natural pedogenic carbonate (black), and oyster shells 
(green). Carbon isotope values of each source are discussed in detail in the text. 
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atmospheric CO2 invasion had Δ14C values of +31 to +48‰ and δ13C values of -5 to -3‰ 

(Raymond et al. 2004).  

A second potential source of DIC is CO2 derived from respiration of terrestrial 

OM. δ13C values of DIC from terrestrial OM respiration are typically in the range -23 to 

-14‰, after correction for fractionation (Barth et al. 2003; Mook et al. 1974; Raymond et 

al. 2004; Zhang et al. 1995), and Δ14C values of DIC from OM respiration are +50 to 

+170‰ for young OM and -230 to -100‰ for old OM (Raymond et al. 2004). A recent 

study (Griffith et al. 2009) found that OM in municipal wastewater treatment plant 

effluent had a mean radiocarbon age of about 1,600 ± 500 years (Δ14C = -180 ± 50‰). 

Thus, DIC from the respiration of municipal waste falls within old OM respiration in Fig. 

3-4. 

The final DIC source is carbonate dissolution. Isotope values of DIC produced by 

carbonate dissolution vary depending both on the source of carbonate and on the 

dissolving acid. Soil CO2 is generally the dominant source of acidity that dissolves 

carbonate in river systems (Garrels and Mackenzie 1971; Karim and Veizer 2000). 

Dissolution of different types of carbonate by soil CO2 produces DIC with isotope values 

intermediate between the carbonate and soil CO2, which for soil CO2 are Δ14C = +20 to 

+150‰ and δ13C = -29 to -18‰ (Raymond et al. 2004; Trumbore 2000; Trumbore et al. 

2006). The dissolution of carbonate rocks and crushed limestone (Δ14C = -1000‰, δ13C = 

~0‰) by soil CO2 produces DIC with Δ14C values of -490 to -425‰ and δ13C values of 

-14.5 to -9‰. Pedogenic carbonate in Texas has Δ14C values of -1000 to -860‰, and δ13C 

values of -6 to +1‰ (Nordt et al. 1998; Rightmire 1967; Valastro et al. 1968). Therefore, 

the DIC sourced from pedogenic carbonate and soil CO2 has Δ14C values of -490 to 
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-355‰ and δ13C values of -17.5 to -8.5‰. The Δ14C and δ13C values of shell carbonates 

have been measured in many studies (Douglas and Staines-Urias 2007; Gentry et al. 2008; 

Keller et al. 2002; McConnaughey and Gillikin 2008; Wisshak et al. 2009). Combining 

data from all these studies, we estimate shell carbonate Δ14C = -489 to -240‰ and δ13C = 

-7 to +4‰. The dissolution of shell carbonate by soil CO2 generates DIC with Δ14C 

values of -235 to -45‰ and δ13C values of -18 to -7‰. 

The broad ranges of isotopic values for every potential DIC source precluded 

identifying the amount of DIC derived from each source. For example, carbonate ∆14C 

values could range from -490‰ to -45‰; respirable OM ∆14C values could range from 

-230‰ to +170‰, and atmospheric CO2 ∆14C values could range from +31 to +48‰. 

There are also large ranges of values for the δ13C of each source. The range of ∆14C 

values for carbonates alone, holding all other potential contributors' ∆14C and δ13C values 

constant, is enough to cause the potential carbonate contribution to vary between 32 and 

94% of DIC in the lower Brazos. Isotopic data do allow us to say conclusively what the 

major sources of DIC are likely to be, but we cannot assign specific fractions to each 

source. 

Assuming that basin lithology is the dominant control on the source and cycling of 

riverine DIC in the Brazos River as in other river systems (Helie et al. 2002; Kanduc et al. 

2007b; Raymond et al. 2004), we expected to see a clear longitudinal trend in carbon 

isotope values of riverine DIC. In the middle Brazos, DIC should be highly depleted in 

14C relative to the atmosphere resulting from dissolution of large areas of carbonate 

bedrock and perhaps respiration of ancient OM from bituminous coal erosion. In the 

lower Brazos, due to the limited sources of old carbon, we expected DIC with a higher 
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Δ14C value compared to DIC in the middle Brazos. Our observation that DIC in the 

middle Brazos was generally enriched in 14C relative to the lower Brazos was opposite to 

predictions based upon lithology. This suggests a dominant influence of human activities 

on carbon cycling in the Brazos River. 

 

3.4.2 Major controls on riverine DIC in the middle Brazos: damming and urbanization  

Τhe Δ14C values of DIC in the middle Brazos (+85 ± 77‰) suggest that the 

Pennsylvanian and Cretaceous limestone and bituminous coal contribute little or no 

carbon to riverine DIC (Fig. 3-4), although they outcrop in large areas in the middle 

Brazos. The relatively low Δ14C-DIC values at site 1 (+10‰ and -10‰) could be due to a 

very minor input of these ancient carbonate rocks. They could also be due to 

decomposition of old OM from treated urban wastewater. However, either case suggests 

that carbonate dissolution is not the predominant source of DIC at site 1. The average 

Δ14C-DIC value of +128 ± 51‰ at site 2 rules out a carbonate input, and instead likely 

reflects an 8- to 50-year residence time of carbon in drainage basin ecosystems 

(Burchuladze et al. 1989; Hsueh et al. 2007; Trumbore et al. 2006).   

The concurrently high Δ14C-DIC and δ13C-DIC values and low pCO2 values in the 

middle Brazos are likely due to damming and urbanization of the Brazos River in 

Granbury and Waco. The low pCO2 values that we observed in the middle Brazos were 

consistent with observations in dammed, urbanized Chinese rivers. In China, river 

damming activities and increasing eutrophy driven by urban growth have reduced 

dissolved CO2 concentrations in the Changjiang River, the largest river in China (Wang et 

al. 2007). Iwata et al (2007) also observed that streams draining more urbanized 
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watersheds were less heterotrophic (meaning with lower dissolved CO2 concentrations) 

than streams in intensively farmed watersheds. Damming and urbanization control the 

geochemistry of river water by: (1) enhancing exchange between riverine DIC and 

atmospheric CO2, (2) leading to respiration of relatively young OM in river sediments 

above the dams, and (3) stimulating surface algal production. The influence of each 

mechanism is discussed below. 

 

3.4.2.1 Enhanced air-water CO2 exchange 

Damming of rivers creates reservoirs that have large surface areas and relatively long 

hydraulic residence times, both of which enhance exchange of gas between river water 

and the atmosphere. At sites 1 and 2 the river is 2-5 times its original width (Table 3-1). 

Extensive air-water exchange reduces the concentration gradient of dissolved gases 

between river water and the atmosphere, and draws riverine pCO2 values closer to that of 

the atmospheric CO2 (for sites 1 and 2, average water pCO2 = 760 ± 243 μatm, average 

ambient air pCO2 = 407 ± 34 μatm).  

Extensive air-water exchange also resulted in relatively high Δ14C and δ13C values of 

riverine DIC. Atmospheric CO2 has Δ14C values of +31 to +48‰ in 2007-2008 (Hsueh et 

al. 2007; Trumbore et al. 2006) and a δ13C value of -8‰ (Levin et al. 1987). The invasion 

of atmospheric CO2, therefore, shifted both Δ14C and δ13C values of riverine DIC to 

heavier values. Since dissolved CO2 is more 13C-depleted relative to other DIC 

components (i.e. HCO3
- and CO3

2-) (Alin et al. 2008; Mook et al. 1974), removal of 

dissolved CO2 through outgassing could increase δ13C values of DIC in the water. Our 

pCO2 and DIC isotope data in the middle Brazos are consistent with the results of 
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previous studies (Brunet et al. 2005; Finlay 2003; Zhang et al. 2009), in which high δ13C 

values of DIC (up to -1.8‰) and lower concentrations of dissolved CO2 were attributed 

to efficient air-water exchange in large rivers and impoundment due to dam construction. 

 

3.4.2.2 Respiration of young OM 

The Δ14C-DIC values of +73 to +179‰ at site 2 can only be explained by 

decomposition of relatively young OM, because neither atmospheric CO2 invasion nor 

carbonate dissolution could produce DIC with values this high (Fig. 3-4). Northern 

hemisphere atmospheric 14C values spiked at ~900‰ between 1962 and 1963, at the peak 

of atmospheric nuclear weapons testing (Burchuladze et al. 1989). Since the late 1960s, 

the bomb spike has mixed into the oceans and terrestrial biosphere, leading to a drop in 

the atmosphere's 14C value (Burchuladze et al. 1989). Because of the spiked shape of the 

atmosphere's 14C value since 1950, environmental 14C values >0‰ do not correspond to 

unique carbon residence times. Instead, each 14C value corresponds to two possible 

carbon residence times, one on each side of the bomb spike. The Δ14C-DIC values 

(approx. +170‰) in July 2008 and July 2009 suggest that the OM decomposed was either 

~20 or ~50 years old (Burchuladze et al. 1989), while the Δ14C-DIC values (approx. 

+85‰) in January and October of 2008 correspond to OM 8-10 or ~50 years old (Hsueh 

et al. 2007; Trumbore et al. 2006). The longer 14C-derived residence times in this 

ecosystem are unlikely, given the region's high temperature and precipitation. The 

Amazon, draining a similarly warm, wet climate, has a carbon residence time of ~5 years 

(Mayorga et al. 2005), making the 8-10 and 20 year residence time interpretations of our 

14C data most likely.  
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If the +170‰ ∆14C value reflects about a 20 year residence time, and the +85‰ ∆14C 

value reflects an 8-10 year residence time at our site 2 (Waco), then the Brazos respires 

older OM in the summer and younger OM in the winter. Respiration of older OM in 

summer may be a result of more intensive heterotrophic microbial activity or a shift in 

microbial community stimulated by warmer water (Table 3-2) (Boer et al. 2009). 

Alternatively, crops are typically harvested and replanted in May and June in this part of 

the US. Increased soil mobility after crop harvest in summer could have led to loss of old 

soil organic matter (SOM) to the river.  

The respiration of OM at site 2 may involve methanogenesis, which can highly 

enrich 13C in the DIC pool. It has been reported that OM in bottom sediments of lakes can 

be respired by anaerobic bacteria via methanogenesis, producing highly 13C-depleted 

methane (CH4) and 13C-enriched CO2 relative to the OM source (Gu et al. 2004; Stiller 

and Magaritz 1974; Stiller et al. 1985; Wachniew and Rozanski 1997). Lake Apopka in 

central Florida (about 7.5 mg L-1) (Gu et al. 2004) has δ13C-DIC values as high as +6 to 

+8‰ due to methanogenesis of sedimentary OM. Compared to the DO content of Lake 

Apopka, measured DO contents in the surface water at sites 1 and 2 (averaging 4.4 ± 1.5 

mg L-1, Table 3-2) were lower, suggesting that methanogenesis of OM may have occurred 

and provided 13C-heavy CO2 to the water column. However, without CH4 measurements 

in the water column, this hypothesis cannot be confirmed.  

 

3.4.2.3 Algal growth 

CO2 uptake by algae can also lead to 13C enrichment of DIC. In algal photosynthesis, 

dissolved CO2 is preferentially used because of lower energetic costs of dissolved CO2 
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acquisition relative to HCO3
- (Burkhardt et al. 2001; Rotatore et al. 1995). Like removal 

of dissolved CO2 through outgassing, CO2 uptake by algal photosynthesis causes a 

reduction of dissolved CO2 concentrations, and increases δ13C-DIC values. For example, 

in a study conducted in the Dead Sea (Oren et al. 1995), δ13C-DIC values as high as 

+5.1‰ were driven by a Dunaliella bloom, while δ13C-DIC values were 8.5‰ lighter 

before the bloom.  

Chlorophyll a concentration in Lake Granbury (site 1) can reach 90 μg l-1 in March 

(Roelke et al. 2007), comparable to levels published for a eutrophic lake in central 

Florida (96 μg l-1) (Gu et al. 2004), suggesting intensive algal photosynthetic activity in 

Lake Granbury. The growth of algae is favored by nutrient enrichment. Total phosphorus 

was about 50 μg l-1 in Lake Granbury (BRA 2009), within the range of mesotrophic 

conditions (moderately nutrient enriched, total phosphorus ranging from 25 to 75 μg l-1) 

(EPA 2001). Most of the lake nutrients are from wastewater treatment plants and on-site 

sewage facilities near the Granbury site (Riebschleager and Karthikeyan 2008).  

The river water passing through Waco is partially from Lake Waco, a reservoir 

constructed in the Bosque River (Fig. 3-1a) about ten river kilometers before the Bosque 

River merges with the Brazos River at a point only three river kilometers upstream of our 

sampling site in Waco. Lake Waco has been classified to be mesotrophic or eutrophic in 

different time periods primarily due to the input of nutrients from dairy waste and forage 

fields in the Lake Waco-Bosque River watershed (McFarland et al. 2001; McFarland and 

Hauck 2001). Enhanced algal growth in Lake Waco is confirmed by increased 

chlorophyll a concentration (Jones 2009; McFarland et al. 2001).    
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3.4.3 Natural and anthropogenic carbonate input to the lower Brazos 

DIC in the lower Brazos was strongly influenced by old carbon (Fig. 3-4), although 

ancient carbon sources, carbonate and lignite outcrops, are very limited in the lower 

Brazos. The black carbon content from NMR analysis was 3.8% of the riverine POM at 

site 3, of which a fraction is from the Vertisol soils drained in this region. These soils 

have been shown to be rich in charcoal (Skjemstad et al. 2002), leading us to conclude 

that lignite is much less than 3.8% of the riverine POM. Longworth et al (2007) observed 

young dissolved organic matter (DOM) in watersheds draining OM-rich shale, suggesting 

little or no contribution of shale organic carbon to riverine DOM. Assuming that 

contributions of lignite black carbon to the DOM pool are also negligible in the lower 

Brazos River, we conclude that lignite decomposition has a trivial impact on 14C content 

of riverine DIC. Soil erosion due to agricultural practices in the lower Brazos could have 

caused loss of old SOM to the river as described in other studies (Krusche et al. 2002; 

Longworth et al. 2007; Raymond et al. 2004) and decomposition of this old OM may be a 

source of old riverine DIC. However, this process is less important compared to 

carbonate dissolution in driving the carbon isotope values of DIC, as indicated by the 

relatively high δ13C values of DIC (Fig. 3-4).  

Possible carbonate sources in the lower Brazos include naturally occurring 

Cretaceous Taylor marl and pedogenic carbonate, and oyster shells and crushed carbonate 

minerals used in road construction (Doran 1965; Titi et al. 2003; Zeng and Masiello 

2010). Taylor marl consists of highly calcareous clay or clay marl, which is a loose 

mixture of clay (65-35%) and calcium carbonate (35-65%) (Matson and Hopkins 1917). 

This soft bedrock material is susceptible to erosion and could have added to the riverine 
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DIC pool.  

Pedogenic carbonate present in the Vertisols of the Beaumont Formation in coastal 

Texas is another source of carbonate (Nordt et al. 2006). Pedogenic carbonate is generally 

formed in arid and semi-arid areas. However, Vertisols in the Beaumont Formation of the 

east Texas Gulf coast preserve pedogenic carbonate despite the high rainfall (>1,000 mm 

per year), due to their high clay content and shrink-swell properties (Nordt et al. 2006).  

Oyster shells and crushed carbonate minerals are a significant regional anthropogenic 

source of soil carbonate. Oyster shells were widely used in the US Gulf coast as 

aggregate for the construction of roads and parking lots through the mid-20th century 

(Doran 1965). In the 1960s, shell roads could be found in a belt about 100 km wide along 

the Texas coast (Doran 1965), and their remnants are ubiquitous in coastal Texas urban 

environments. Crushed limestone has also been used in Gulf coast roads (Titi et al. 2003). 

In Buffalo Bayou, one of the rivers draining Houston about 50 km east of the lower 

Brazos, dissolution of shell and crushed limestone/dolomite imbedded in old city roads 

has contributed to the river's old DIC (∆14C = -117 ± 45‰) (Zeng and Masiello 2010). 

Our isotope data show that shells and crushed carbonate minerals are also likely an 

important source of DIC in the lower Brazos, as illustrated by Fig. 3-4.   

 

3.4.4 Comparison of Brazos pCO2 and DIC with other rivers 

3.4.4.1 Riverine pCO2 

 Measured pCO2 values in the middle and lower Brazos ranged from 435 μatm to 

1,770 μatm, with an average (± SD) of 983 ± 397 μatm during the study period (March 

2007 to July 2009). Compared to other subtropical rivers, pCO2 values in the Brazos were 



 63

much lower than those of the Xijiang River in southeast China (about 2,600 μatm, Yao et 

al. 2007), the Satilla and Altamaha rivers in the coastal region of Georgia (4,000-8,500 

μatm, Cai and Wang 1998), and Buffalo Bayou and Spring Creek in Harris County, TX 

(3,000-4,200 μatm, Zeng and Masiello 2010).  

The low pCO2 values in the Brazos River are probably due to the combined effects of 

lower precipitation, an important control on river pCO2 (Yao et al. 2007; Zeng and 

Masiello 2010), larger river size, and damming and urbanization as discussed above. The 

annual mean temperature in the middle and lower Brazos was 16.5-21.3 °C for the study 

period, similar to that in the Xijiang River (14-22 °C, Yao et al. 2007) and that in the 

Satilla and Altamaha river basins in 1995 (about 21 °C, NOAA). However, annual mean 

precipitation in the study area for the study period, 898-1,050 mm, is much lower than 

that in the Xijiang River basin (1,451 mm, China Meteorological Data Sharing Service 

System), the Satilla and Altamaha river basins (1,580 mm in 1995, NOAA), and the 

Buffalo Bayou and Spring Creek watersheds (1,220 to 1,350 mm, NOAA). Also, large 

rivers in general are less supersaturated in CO2 compared to smaller streams under 

similar climate conditions (Finlay 2003).  

 

3.4.4.2 Riverine DIC concentration 

 The DIC concentration in the Brazos River, 2.8 ± 0.7 mM, far exceeded the average 

value of world rivers (0.9 mM, Livingstone 1963). It is an order of magnitude higher than 

some northeast US rivers (Raymond et al. 2004), and higher than those in some rivers in 

the Coast Range of northern California (Finlay 2003).  

High DIC concentrations have also been observed in the St. Lawrence River (0.5-5 
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mM, Helie et al. 2002), the Sava River (2.9 ± 1.0 mM, Kanduc et al. 2007a), three major 

US rivers (Ohio, upper Mississippi, and Missouri, 1-5 mM, Raymond and Oh 2007), and 

Buffalo Bayou (2.4 ± 1.0 mM) (Zeng and Masiello 2010). Most of these high DIC 

concentrations are associated with carbonate input to the river systems, and sources of 

carbonate include bedrock, oyster shells and crushed limestone used in road construction 

and as agricultural soil amendments. Dissolution of limestone and dolomite accounts for 

up to 26% of DIC in the Sava River (Kanduc et al. 2007a), and agricultural liming 

contributed 17% of DIC in the Ohio River (Oh and Raymond 2006). Similarly, Δ14C and 

δ13C values of DIC in the lower Brazos suggest that although lithologic sources of 

carbonate are minor, anthropogenic and possibly pedogenic carbonates are a significant 

source of DIC.  

For the middle Brazos, the high DIC concentration was not due to dissolution of 

carbonate bedrock, but instead due to urbanization. It has been observed that wastewater 

treatment plant effluent contributes up to 22% of the total DIC in the Hockanum River, 

Connecticut (Barnes and Raymond 2009). Weathering of bedrock material exposed to the 

surface due to urban soil disturbance, and dissolution of urban concrete are two other 

mechanisms for the high DIC concentration in urbanized watersheds (Baker et al. 2008).   

 

3.4.4.3 CO2 outgassing and DIC export from the Brazos 

 We used pCO2, DIC concentration and river discharge data (obtained from the USGS) 

to calculate the fluxes of CO2 outgassing and DIC export from the Brazos in a 

preliminary attempt to estimate the Brazos River basin as a C source to the atmosphere 

and the ocean.  
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 CO2 outgassing is calculated using the following equation (modified from Raymond 

et al. 1997): 

 

AKpCOKpCOkOutgas hahwCO ××−××= )( ,2,22
 

 

Where Kh is Henry’s law constant at a given temperature and salinity; pCO2,w and pCO2,a 

are the partial pressure of CO2 in surface water and the overlying air, respectively; kCO2 is 

the gas exchange coefficient for CO2 at a given temperature for a given type of river; and 

A is the area of water surface.  

 Measured mean pCO2,w and pCO2,a values for the Brazos were 983 μatm and 424 

μatm, respectively. The average temperature was 20.6°C, so Kh was 0.0383 mol l-1 atm-1 

(Stumm and Morgan 1996). We chose a commonly used range of kCO2 values, 2.5-5 cm 

h-1 (Raymond et al. 1997; Richey et al. 2002; Zeng and Masiello 2010), in our calculation. 

Using a water surface area (A) of 565.79 km2 for the Brazos River (including the river 

itself and the three main reservoirs along the main stem river channel, BRA 2010b), we 

calculated CO2 outgassing rate from the Brazos River to be 0.03 to 0.06 Tg C year-1.    

 DIC export from the Brazos River to the Gulf of Mexico is the product of average 

DIC concentration and average river discharge at the river mouth. Average DIC 

concentration at the Brazos mouth was 2.8 ± 0.7 mM. River discharge data were obtained 

from a US Geological Survey station (08116650) located about 50 km upstream of the 

river mouth. Annual mean river discharge for 2007-2008 at this station was 349 m3 s-1. 

Our estimated rate of river DIC export to the Gulf of Mexico is 0.37 ± 0.09 Tg C year-1. 

Since the discharge at the river mouth should be higher than at the 50 km upstream USGS 
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station, the estimated DIC export here is a conservative value.  

 The CO2 outgassing : DIC export ratio of the Brazos River is, therefore, about 0.1:1. 

This value is not only lower than those of tropical rivers, but also lower than that of 

northern rivers such as the Ottawa River (Brunet et al. 2009; Richey et al. 2002; Telmer 

and Veizer 1999). The low CO2 outgassing : DIC export ratio implies that of the total DIC 

in the Brazos River, about 90% is exported to Gulf of Mexico, while only about 10% is 

released to the atmosphere. It is possible that this very low CO2 outgassing : DIC export 

ratio is also a result of human activities, with pCO2 driven down by damming and urban 

treated wastewater input and DIC driven up by carbonate dissolution. 

 

3.5 Conclusions 

 Our results show that human activities (i.e. damming and urbanization) dominate 

geology as a control on the origin and cycling of DIC in the Brazos River. Although 

limestone bedrock underlies a large area of the middle Brazos River watershed, this 

limestone does not influence riverine DIC, as shown by the radiocarbon values (+85 ± 

77‰) of riverine DIC in the middle Brazos. Neither does the coal-bearing bedrock 

present in the watershed. Δ14C (+85 ± 77‰) and δ13C (-5.2 ± 1.4‰) values of DIC in the 

middle Brazos are likely due to extensive air-water CO2 exchange, respiration of decades 

old OM in river sediments, and algal growth, all of which are driven by a combination of 

damming and wastewater input from urban areas. In contrast, Δ14C (-151 ± 52‰) and 

δ13C (-8.9 ± 1.6‰) values of DIC in the lower Brazos suggest input of carbonate-sourced 

DIC to the lower Brazos, despite the absence of carbonate bedrock in the lower Brazos 

watershed. Oyster shells and crushed limestone used as aggregate in road construction in 
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the Gulf coast areas are two likely sources of carbonate, in addition to naturally occurring 

marl and pedogenic carbonate in the lower Brazos. 

 The pCO2 values in the Brazos River were generally lower than other subtropical 

rivers, while the DIC concentration in the Brazos River is relatively high compared to 

many other rivers. As a result, the amount of DIC the Brazos River releases to the 

atmosphere as CO2 gas is much smaller than the amount of DIC it delivers to the ocean.  
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CHAPTER 4 

Land use effects on the isotopic and chemical composition of  

particulate organic carbon in the Brazos River, Texas  

revealed by carbon isotope and NMR measurements 

 

Abstract 

 Characterization of riverine organic carbon (OC), which is primarily from terrestrial 

ecosystems, is important to understand the fate of terrestrial organic matter (OM) in rivers 

and the ocean. In this study, we combined carbon (C) isotope (13C and 14C) and solid-state 

13C NMR measurements to constrain the sources and chemical composition of bulk 

particulate organic carbon (total POC) and the operationally defined high-density fraction 

of particulate organic carbon (sinking POC) in the lower and middle Brazos River in Texas, 

USA. Our results suggest that, in the middle Brazos, land use is the major control on the 

sources and chemical composition of riverine POC; while in the lower Brazos, lithology 

and climate are two additional controls. In the middle Brazos, total POC (Δ14C = +10 ± 

69‰, δ13C = -31.6 ± 2.3‰) was a mixture of old and young C. The majority the old C was 

likely from wastewater treatment plant (WWTP) effluent, while the young C was from 

phytoplankton and shallow soil OC. Phytoplankton comprised more of sinking POC (Δ14C 

= +22 ± 36‰, δ13C = -27.0 ± 0.7‰) than total POC. In the lower Brazos, old OM from 

erosion of deep soil (including modern soils and paleosols) was the major source of total 

POC (Δ14C = -355 ± 155‰, δ13C = -29.1 ± 2.6‰). High soil erosion rates were caused by 

the soft river banks and bed, agricultural land use, and high precipitation. Young C4 

plant-derived soil OM comprised more of sinking POC (Δ14C = -82 ± 18‰, δ13C = -23.8 ± 
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5.7‰) than total POC. Finally, we estimated the fluxes of POC, charcoal, and lignin from 

the Brazos River to the Gulf of Mexico. Examination of our dataset and existing data 

showed a weak correlation between the flux of POC, charcoal, or lignin and water or 

sediment discharge, suggesting the need to make measurements in different river systems 

to achieve a precise estimate of global river POC, charcoal and lignin fluxes.  

 

4.1 Introduction 

 Rivers play an important role in the global carbon (C) cycle in that they continuously 

transport C from land to the ocean and the atmosphere. Conservative estimates by Cole et 

al. (2007) show that at least 0.9 Gt of terrestrial C, inorganic and organic, is delivered by 

rivers to the oceans annually, and the efflux of C-bearing gases (e.g. CO2 and CH4) from 

rivers to the atmosphere occurs at a rate of 0.75 Gt C yr-1. These C fluxes are comparable to 

terrestrial net ecosystem productivity (NEP, ±2.0 Gt C yr-1) (Randerson et al. 2002), and 

should be accounted for to better constrain the direction and magnitude of net 

land-atmosphere C exchange.  

A thorough understanding of terrestrial C cycling in rivers, estuaries and the ocean 

requires characterization of river particulate organic carbon (POC). POC constitutes an 

important fraction of the total C (18%) and total organic carbon (OC, 40%) rivers export to 

the oceans (Hedges et al. 1997; Meybeck 1993). Although global river POC export 

(0.15-0.2 Gt C yr-1) alone is adequate to account for all the OC buried in marine sediments 

(0.1-0.2 Gt C yr-1), OC in marine sediments is predominantly composed of marine-derived 

materials (Beusen et al. 2005; Hedges and Keil 1995; Hedges et al. 1997). More than half 

of the terrestrial POC exported to the ocean is decomposed or transformed rapidly in the 
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ocean (Hedges et al. 1997; Burns et al. 2008), even though this POC was refractory on land. 

This points to the need to study the nature of riverine POC to understand susceptibility of 

terrestrial organic matter (OM) to degradation in the ocean. 

  Drainage basin properties and land use are two important controls on the sources and 

reactivity of riverine POC. For example, heavily-forested headwaters receive large 

amounts of land C in the form of litterfall (Selva et al. 2007). This litterfall-derived POC is 

labile and decomposition of this POC contributes to about 35% of the CO2 outgassed from 

the Amazon River (Richey et al. 2002). Rivers in the Northeast U.S. draining OM-rich 

shales receive ancient OM from the watersheds, and the contribution of ancient OM to 

riverine POC is positively related to agricultural activities in the watersheds (Longworth et 

al. 2007; Raymond et al. 2004). Although this ancient OM is old in 14C age, a portion of it 

may be labile and susceptible to biological and chemical processes and may fuel part of the 

respiration of the Hudson River (Cole and Caraco 2001). In industrialized or urbanized 

watersheds, pollutants from industries and wastewater treatment plants are likely also an 

important source of riverine POC (Griffith et al. 2009; Krusche et al. 2002; Longworth et al. 

2007).   

 Sinking POC, the operationally defined high-density fraction of POC, exported by 

rivers represents the terrestrial POC that is potentially buried in river deltas and removed 

from the fast portion of the global C cycle. However, the chemistry of riverine sinking POC 

remains almost unknown. A few studies have been conducted in the ocean to characterize 

sinking POC in the ocean column (Druffel et al. 1992; Hedges et al. 2001; Hwang and 

Druffel 2003; Hwang et al. 2006; Hwang et al. 2004). However, to date, only one study 

exists characterizing riverine sinking POC (Gao et al. 2007).  



 71

 The Brazos River in Texas is of great interest in studying river C cycling and export for 

two reasons. First, the Brazos River has a river-dominated delta, and river-dominated 

continental margins are where most (>80%) of the OC burial occurs (Berner 1982, 1989; 

Hedges and Keil 1995) and where terrestrial OC constitutes a significant portion of the OC 

buried (Wakeham et al. 2009). Second, OC burial and preservation are positively correlated 

with total sedimentation rate (Berner 1989; Burdige 2007). Although the watershed area of 

the Brazos River is only ~3% of that of the Mississippi River, the sediment discharge of the 

Brazos River is as much as 8% of that of the Mississippi River (Milliman and Syvitski 

1992). Yet, there is little data about the OM within the Brazos River or exported by the 

Brazos River to the Gulf of Mexico. 

C isotopes (14C and 13C) and molar C/N ratio, either separately or combined, have been 

widely used to study sources and cycling of particulate organic matter (POM) (Hein et al. 

2003; Lamb et al. 2006; Mayorga et al. 2005; Meyers 1994; Yu et al. 2010). Δ14C and δ13C 

values can provide source and age information of riverine C. For example, the longitudinal 

trends of increasing Δ14C values and decreasing δ13C values of fine POC along the Amazon 

River reveal that the old fine POC originating from the Andes is almost completely 

decomposed and replaced by the young fine POC from the lowland ecosystems 

downstream (Mayorga et al. 2005).  

The C/N ratio of POM is an indicator of sources of POM. Terrestrial plants (C3 and C4) 

generally have very high C/N ratios (averaged 32) (Elser et al. 2000), and soil organic 

matter (SOM) generally has C/N ratios above 10 (Lamb et al. 2006; Meyers 1994). The 

lowest C/N ratios in terrestrial OM are found in agricultural soils, but these values are still 

above 8 (Yu et al. 2010). In contrast, freshwater phytoplankton and bacteria generally have 
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low C/N ratios, averaged 7 and 4, respectively (Elser et al. 2000; Lamb et al. 2006; Meyers 

1994).   

Solid-state 13C nuclear magnetic resonance (NMR) spectroscopy is a potentially 

powerful technique to use in tracking sources and reactivity of riverine POC. This 

technique has been extensively used to characterize the chemical structure of SOM because 

of its advantages compared to other spectroscopic and characterization techniques (e.g. 

chromatography). First, solid-state 13C NMR is non-destructive, and both soluble and 

insoluble fractions of OM can be examined (Salati et al. 2008). Second, solid-state 13C 

NMR can detect not only the free forms of OM, but also the shielded forms of OM (Hedges 

et al. 2001). Third, solid-state 13C NMR is potentially quantitative, and it can provide 

complete and unbiased average chemical structures of OM (Piccolo and Conte 1998; 

Smernik et al. 2002). Solid-state 13C NMR has been used to characterize ocean POC and 

has provided valuable information on the metabolism and cycling of POC in the ocean 

(Baldock et al. 2004; Hedges et al. 2001; Nelson and Baldock 2005; Sannigrahi et al. 2005). 

However, to our knowledge this study is the first application of this technique to riverine 

POC.  

In this study we combined the above three approaches to characterize riverine POM in 

the Brazos River. We determined isotopic (13C and 14C) composition of both total and 

sinking POM, and chemical (carbohydrate, protein, lignin, lipid, carbonyl and charcoal) 

and elemental (%C, %N, and C/N) composition of sinking POM along the main stem of the 

Brazos River. From these measurements, we (1) identify the sources of riverine POM; (2) 

explore the effects of drainage basin properties and land use on the sources and chemical 

composition of riverine POM; and (3) provide the first measurements of annual POC, 
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charcoal, and lignin export by the Brazos River to the Gulf of Mexico. 

 

4.2 Study area 

 The Brazos River ranks first in Texas rivers in both length (1,680 km) and water 

discharge (249 m3 s-1) (Benke and Cushing 2005). It is formed by the confluence of its two 

tributaries (the Salt Fork and the Double Mountain Fork) about 110 km upstream of 

Seymour, TX, and it drains into the Gulf of Mexico near Freeport, TX (Fig. 4-1). The 

Brazos River watershed is low in relief, with a channel gradient of less than 0.67 m km-1 

(Stricklin 1961). We refer to the river segment between Graham and Waco, TX as the 

middle Brazos, and the river segment downstream of Waco to the river mouth as the lower 

Brazos (Fig. 4-1).  

 We collected samples from six sites in the main stem of the middle and lower Brazos 

River (Fig. 4-1). Sites 1 and 2 are located in urban areas where the middle Brazos River 

runs through cities Granbury and Waco, respectively. The Brazos River is dammed only a 

few kilometers downstream of sites 1 and 2, respectively, forming Lake Granbury at site 1 

and a town-lake at site 2. Sites 3-6 are in rural areas in the lower Brazos. There are no dams 

in the main stem of the lower Brazos.  

 The geology of the Brazos River watershed has been described in detail in Zeng et al. 

(2010) (see Chapter 3). There is some old OM-bearing bedrock present in the Brazos River 

watershed. Bedrock containing bituminous coal outcrops about 60 km upstream of site 1 

(Hackley et al. 2009; Moore and Plummer 1922) (Fig. 4-1). Lignite outcrops in two belts 

parallel to the Gulf coast: an ~20 km wide one between sites 2 and 3, and an ~7 km wide 

one slightly downstream of site 3 (Ruppert et al. 2002) (Fig. 4-1). The predominant  



 74

 

 

Figure 4-1. Land use and surface geologic map of the Brazos River watershed made 
according to the digital maps by Stoeser et al (2005), Tewalt et al (2008), and National 
Center for Earth Resources Observation and Science and U.S. Geological Survey (2005). 
Cities are labeled in pink. There are 6 sampling sites numbered in the boxes. Sites 1 and 2 
are dammed several kilometers downstream. Dams cannot be seen because they are 
masked by sampling site symbols (yellow stars). 
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lithology is resistant limestone and red beds of Pennsylvanian and Cretaceous age in the 

middle Brazos, and sand, silt and clay deposits of Eocene, Miocene and Pleistocene age in 

the lower Brazos (Cronin et al. 1963; Moore and Plummer 1922; Stricklin 1961).  

 Land use shows different patterns between the middle and lower Brazos River 

watershed (Fig. 4-1). In the middle Brazos River watershed, forest and pasture dominate. 

In the lower Brazos River watershed, cropland and forests cover most of the watershed 

between sites 2 and 3, and pasture is the single dominant land use downstream of site 3 to 

the river mouth.       

 

4.3 Methods  

4.3.1 Sample collection 

 We used a submersible pump (SHURflo 9325-043-101) deployed from bridges to 

collect all the samples directly from the middle of the river at depths between 10 and 30 

cm.  

 All the glassware used for sample collection and pre-treatment for C isotope analysis 

was pre-cleaned (soapy water, deionized water and Milli-Q water) and pre-combusted 

(500˚C for 2 h). For each total POC sample, we collected 4 L of water in an amber glass 

bottle. The water was stored at 0˚C for ~5 h during transport to the lab, and then was 

filtered through pre-combusted (500˚C for 2 h) 47-mm diameter quartz fiber filters 

(Millipore, AQFA04700). We recorded the volume of water passing through each filter to 

calculate total POC concentration (POCTOT). The filters were then frozen at -20˚C until 

pre-treatment for 13C and 14C analysis.  

 For each sample for NMR analysis, we collected ~120 L (V, in L) of water into six 
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20-L acid-washed fluorinated high-density polyethylene (HDPE) containers. After 

overnight storage at 4°C to let the particles settle, the supernatant was removed by 

siphoning and the bottom water with river sediment was transferred to a clean glass 

container. We then centrifuged and freeze-dried the sediment in a pre-weighed 50 mL 

centrifuge tube (WS1) to obtain a sinking POC sample. The tube with the dried sample was 

weighed (WS2) and the concentration of sinking particulate matter (PMsink, in mg L-1) was 

calculated from (WS2 - WS1)/V. 

 To determine the concentration of total particulate matter (PMTOT, in mg/L), we 

filtered 500 mL of well mixed river water through a dried and pre-weighed glass fiber filter 

(1 μm nominal pore size, 47 mm in diameter). The filter was dried at 50°C and weighed to 

calculate PMTOT. Four replicates were obtained for each sample and the average PMTOT 

value was calculated. 

 In the text below, sinking POC, sinking POM and sinking PM are used for the same 

sample depending on the analysis made to the sample. “Sinking POC” is for C isotope and 

NMR analysis; “sinking POM” is for C and N content analysis; and “sinking PM” is for 

total sample mass analysis. 

 

4.3.2 Sample pre-treatment 

4.3.2.1 For C isotope analysis 

 Before C isotope analysis, we removed carbonate from the total POC samples 

following the HClvap method in Komada et al. (2008). This method can remove carbonate 

efficiently while yielding accurate %OC, δ13C and Δ14C values (Komada et al. 2008). 

Briefly, total POC samples were thawed at room temperature and placed in a 250 mm ID 
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glass desiccator along with 60 mL concentrated HCl (12N, Fisher Scientific NF/FCC). The 

desiccator was soaked with 10% HCl for 24 h before use. The samples were fumigated in 

HCl vapor for 6 h. Upon completion, the HCl vapor in the desiccator was vented for 6 h and 

the samples were dried in an oven at 50˚C.  

 Sinking POC samples for C isotope analysis were acidified with 1N HCl to remove 

carbonate. For each sample, a small aliquot was transferred to a pre-cleaned and 

pre-combusted glass vial. Milli-Q water was added just enough to moisten the sample, 

followed by 1N HCl until no bubbling was observed. The samples were then dried at 50°C. 

Samples were not rinsed prior to isotopic analysis. 

 

4.3.2.2 For NMR analysis 

 We performed an HCl/HF demineralization on the sinking POC sample collected at 

site 5 (sample 5) to concentrate the OC and reduce the paramagnetic impurities in the 

sample, because an NMR spectrum could not be obtained for this sample due to its low OC 

and/or high paramagnetic impurity (e.g. Fe) content. To examine the effect of 

demineralization treatment on the chemical composition of sample 5, we performed the 

same treatment on two other samples. The size of these two samples is large enough for 

demineralization treatment, and good quality spectra of their untreated samples can be 

obtained. The demineralization procedure we followed was developed and described in 

detail by Gelinas et al. (2001), including HCl demineralization, HCl/HF demineralization, 

and recovery of acid-soluble OC.   

HCl demineralization. In this step, HCl solution was added to the samples to remove 

salt, carbonate and sesquioxide coatings. The residue was separated from the supernatant 
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by centrifugation and the supernatant was saved for OC recovery. 

HCl/HF demineralization. The residue was further demineralized using a 1N HCl and 

10% (v/v) HF solution. After shaking for 12 h, the residue was separated from the 

supernatant by centrifugation and the supernatant was saved for OC recovery. The HCl/HF 

demineralization was repeated for a second time.  

Recovery of acid-soluble OC.  Concentrated HF was added to the HCl demineraliza- 

tion supernatants to precipitate Ca2+ as CaF2 and OC-free CaCO3 powder was added to the 

HCl/HF demineralization supernatants to precipitate F- as CaF2. All the supernatants were 

adjusted to a final pH of ~7 with NaOH solution before NaHS solution was added in an 

N2-flushed glove bag to precipitate dissolved metals as sulfides. We discarded the CaF2 and 

sulfide precipitates and extracted the acid-soluble OC in the supernatants using C18 disks 

(3M; Empore, St. Paul, MN). The OC on the C18 was then extracted using methanol. After 

removal of most of the methanol by blowing air on the surface of the methanol, we 

transferred the methanol containing the extracted OC to the residue. The mixture was then 

dried at 60˚C in the oven to remove the rest of the methanol and homogenized before NMR 

analysis.  

 

4.3.3 Sample measurements 

4.3.3.1 C isotope analysis 

 We made 13C and 14C measurements of total and sinking POC samples at the W.M. 

Keck Carbon Cycle Accelerator Mass Spectrometry (AMS) Laboratory at the University 

of California, Irvine. The samples, with CuO and silver wire added, were combusted at 

900˚C in evacuated sealed quartz tubes for 3 h to convert POC to CO2. The CO2 generated 
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was purified cryogenically and measured. We used the amount of CO2 generated and the 

volume of water filtered through to calculate POCTOT (in mg L-1). A small aliquot of the 

CO2 was taken for 13C analysis on a continuous flow stable isotope ratio mass spectrometer 

(Delta-Plus CFIRMS). The rest of the CO2 was reduced to graphite in a reactor at 550˚C 

with hydrogen and iron powder catalyst. The C isotope composition of the graphite was 

measured by AMS for Δ14C values. 

 

4.3.3.2 13C CP-MAS NMR analysis 

 13C NMR spectroscopy is a technique that identifies OC in different functional groups 

of a sample, e.g. alkyl C, O-alkyl C and aromatic C, etc (Baldock and Skjemstad 2000). For 

a review of the uses of NMR in biogeochemistry, see Hockaday and Masiello (in 

preparation). With the determined distribution of OC in the functional groups, a mixing 

model can be used to calculate the molecular composition of the sample, i.e. proportions of 

carbohydrate, protein, lignin, lipid, carbonyl, and charcoal (Baldock et al. 2004; Nelson 

and Baldock 2005; Nelson et al. 1999).  

We conducted 13C CP-MAS (cross polarization-magic angle spinning) NMR 

experiments on a 200 MHz Bruker Avance spectrometer with a solid-state 4 mm dual 

frequency MAS probe. River sinking POC samples of known mass (approximately 80-120 

mg) were packed in a 4 mm (outside diameter) NMR rotor with a Kel-F cap, and spun at a 

frequency of 5 kHz or 7 kHz.  

 The OC functional group distribution was measured by a CP pulse sequence with a 

contact time of 1 ms, an acquisition time of 18.5 ms, and a recycle delay time of 2.5 s. The 

number of acquisitions (scans) to obtain spectra ranged from 16,000-25,000. The data 
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collected were Fourier-transformed with 50 Hz line broadening to obtain a spectrum to 

which we applied manual phase and baseline corrections. We integrated the peak areas 

according to spectral regions specified in Baldock et al. (2004): alkyl (0-45 ppm), 

N-alkyl/methoxyl (45-60 ppm), O-alkyl (60-95 ppm), O2-alkyl (95-110 ppm), aromatic 

(110-145 ppm), phenolic (145-165 ppm), and amide/carboxyl (165-215 ppm).  

 To determine the percentage of C observed (detected) by NMR, we compared the 

C-normalized signal intensity detected for each sample to the C-normalized signal 

intensity of an external standard, which is a mixture of 52.4% cellulose and 47.6% glycine. 

This procedure is known as spin counting (Smernik and Oades 2000). The following 

equation was used to calculate the percentage of C in the rotor that was observed (Cobs) in 

the NMR spectrum (Hockaday et al. 2009; Smernik and Oades 2000): 

 

standardfor  Cunit per intensity  signal
samplefor  Cunit per intensity 　signal100(%)Cobs ×=  

 

4.3.3.3 Molecular mixing models 

 We applied the molecular mixing model (MMM) developed by Baldock et al. (2004) 

to our NMR spectra to determine the molecular composition of the samples. For a detailed 

description of the MMM, see Baldock et al. (2004) and Nelson and Baldock (2005). Briefly, 

this model is based on two assumptions: (1) natural OM is assumed to be represented by a 

mixture of six organic components: carbohydrate, protein, lignin, lipid, carbonyl and 

charcoal; and (2) each of these organic components has a representative distribution of 

13C-NMR signal intensities (Baldock et al. 2004). The input data to the model is the amount 

of 13C NMR signal intensity for each of the spectral regions. Input of the molar N/C ratio of 

(1) 
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the sample can further constrain the model and provide an independent test of the model, 

but it is not required (Baldock et al. 2004). The output is the percentage of the six organic 

components in the sample. We call this model the terrestrial MMM because it is optimized 

to analyze terrestrial samples (Baldock et al. 2004; Nelson and Baldock 2005). For samples 

potentially comprising significant amount of phytoplankton materials, we modified the 

terrestrial MMM to obtain the aquatic MMM by replacing lignin with nucleic acid in the 

model.  

 

4.3.3.4 Chemical composition of sinking POC 

 The integrated peak areas from 13C CP-MAS NMR analysis were corrected for 

spinning side bands (SSB) of aromatic, phenolic and amide/carboxyl C. The corrected peak 

areas, as well as the molar N/C ratio determined by catalytic combustion with a model 

ESC4010 elemental analyzer (EA, Costech Analytical Technologies Inc., Valencia, CA), 

were then plugged into the terrestrial or aquatic MMM to calculate the percentage of 

carbohydrate, protein, lignin/nucleic acid, lipid, carbonyl, and charcoal in the sample. 

Whether the terrestrial or aquatic MMM was used for a specific sample is discussed in 

detail in the “Results” section.  

 

4.3.3.5 Fraction of sinking POC in total POC 

We analyzed a small aliquot of each sinking POM sample on the EA to obtain %OC, 

%N, and the molar C/N ratio (although the MMMs used N/C ratios, we work here with C/N 

ratios to conform with conventional use of C/N ratios as an indicator of OC sources). The 

percentage of sinking POC among total POC (POCsink/POCTOT, in %) was determined by 
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POCsink/POCTOT (%) = (PMsink × %OCPMsink) ÷ POCTOT × 100% 

 

in which %OCPMsink is the percentage of OC in sinking POM measured on the EA, and the 

unit of PMsink and POCTOT is mg L-1. 

 

4.3.3.6 OC recovery of demineralization 

 Not all acid-soluble OC lost to the supernatants was recovered by the C18 disks. 

Therefore, we measured the OC content of the untreated (%OCbefore) and demineralized 

(%OCafter) sample using the EA and combined the sample mass before (Mbefore) and after 

(Mafter) to determine the OC recovery of the demineralization process.  

 

4.3.3.7 Statistical analysis 

 We applied Student’s t-test to determine if there was significant difference in 

concentration and isotopic signatures of POC between the middle and lower Brazos, and 

between the total and sinking POC. A p value less than or equal to 0.05 suggests a 

significant difference, and a p value lower than 0.01 suggests a very significant difference.  

 

4.4 Results 

4.4.1 Concentration and isotopic composition of total and sinking POC 

Total POC showed distinctive patterns along the Brazos River in both concentration 

and isotopic composition. POCTOT was significantly (p = 0.0044) higher in the lower 

Brazos (5.04 ± 3.38 mg L-1) than the middle Brazos (1.20 ± 0.34 mg L-1) (Table 4-1, Fig.  

(2) 
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 POCTOT  POCsink  DIC* Site Site-mouth 
(km) 

Date 
sampled 

T 
(°C) mg C L-1 Δ14C (‰) δ13C (‰) Δ14C (‰) δ13C (‰)  Δ14C (‰)

The middle Brazos         
1 460 3/5/2009 15.6 1.12 -45 -32.5 -3 -27.8  +10 
  7/23/2009 27.3 1.94 -65 -30.9 +9 -27.0  -10 
  10/8/2009 22.8 1.44 -50 -30.0 -17 -26.9  nd 
  1/17/2010 7.2 1.30 -62 -33.4 nd nd  nd 
  Mean ± SD  1.45 ± 0.35 -55 ± 9 -31.7 ± 1.5 -4 ± 13 -27.2 ± 0.5   
2 344 1/6/2008 12.6 0.74 +2 -31.9 nd nd  +73 
  6/5/2008 23.5 1.12 +71 -26.8 nd nd  nd 
  7/3/2008 27.5 0.88 +119 -34.6 nd nd  +162 
  10/30/2008 18.7 1.13 +62 -33.3 +54 -27.5  +96 
  7/23/2009 28.9 1.13 +62 -31.1 +66 -25.9  +179 
  Mean ± SD  1.00 ± 0.18 +63 ± 41 -31.5 ± 3.0 +60 ± 9 -26.7 ± 1.1   

1-2  Mean ± SD  1.20 ± 0.34 +10 ± 69 -31.6 ± 2.3 +22 ± 36 -27.0 ± 0.7   
The lower Brazos         

3 230 3/5/2009 21.1 2.03 -86 -33.7 -69 -27.8  -84 
          
4 160 6/13/2007 nd 5.90 -458 -28.2 nd nd  -220 
          
5 20 11/28/2007 16.6 8.30 -378 -27.6 nd nd  -194 
  11/19/2008 17.4 8.00 -457 -28.2 -94 -19.8  -192 
  Mean ± SD  8.15 ± 0.21 -417 ± 56 -27.9 ± 0.4     
6 0 11/28/2007 15.8 0.98 -396 -28.0 nd nd  -94 

3-6  Mean ± SD  5.04 ± 3.38 -355 ± 155 -29.1 ±2.6 -82 ± 18 -23.8 ± 5.7   
Site-mouth: distance from the site to the river mouth.  
nd: no data  

 

Table 4-1. Measured concentration and isotopic signatures of total POC, sinking POC and DIC in the Brazos River. *: Δ14C values of 
DIC are from Zeng et al. (2010). 
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Figure 4-2. Longitudinal variations in the concentration of total POC. Vertical bars 
represent the standard deviation of all the data for the site.  
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4-2). Total POC in the middle Brazos (Δ14C = +10 ± 69‰, δ13C = -31.6 ± 2.3‰) was 

significantly more enriched in 14C (p < 0.0001) and generally more depleted in 13C than 

total POC in the lower Brazos (Δ14C = -355 ± 155‰, δ13C = -29.1 ± 2.6‰) (Table 4-1, Fig. 

4-3). δ13C values of total POC at sites 4-6 were generally higher than those of sites 1-3 

(Table 4-1), probably due to a higher contribution of C4 plant-derived OM downstream of 

site 3 where pasture is the dominant land use. 

In the middle Brazos, concentration of total POC was significantly (p = 0.0412) higher 

at site 1 than at site 2 (Table 4-1, Fig. 4-2). Total POC was more 14C-depleted at site 1 than 

at site 2 (Table 4-1, Fig. 4-3). According to the Δ14C values of the atmospheric CO2 in 2004 

(+55 to +66‰) (Hsueh et al. 2007) and a decreasing rate of 6‰ per year (Trumbore et al. 

2006), the Δ14C values of the atmospheric CO2 in the years 2007-2010 are in the range of 

+19 to +48‰. All the Δ14C values of POC at site 1 were lower than those of the 

atmospheric CO2. In contrast, the POC at site 2 was generally more 14C-enriched than the 

atmospheric CO2.  

Total POC in the lower Brazos was generally high in concentration and highly 

depleted in 14C (Table 4-1), suggesting a significant input of old C in the lower Brazos. 

Total POC concentration dropped from 8.30 mg L-1 about 20 km upstream of the river 

mouth (site 5) to 0.98 mg L-1 at the mouth (site 6), while the Δ14C value of POC remained 

almost the same, suggesting dilution at the mouth by the Gulf of Mexico water which has a 

low POC concentration (Bianchi et al. 1997).  

Sinking POC showed a similar pattern: significantly (p = 0.0141) more enriched in 14C 

in the middle Brazos (Δ14C = +22 ± 36‰) than in the lower Brazos (Δ14C = -82 ± 18‰), 

with no significant (p = 0.20) difference in δ13C values between the middle and lower 
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Figure 4-3. Longitudinal variations in the Δ14C of total (solid line) and sinking (dotted 
line) POC. Vertical bars represent the standard deviation of all the data for the site. 
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Brazos (Table 4-1, Fig. 4-3). For each site, sinking POC was generally younger and 

significantly more 13C-enriched (p < 0.001) compared to total POC.  

 Compared to longitudinal variations, temporal variations in concentration and C 

isotopic values were small for both total and sinking POC (Table 4-1). Our focus in this 

paper is therefore on the implications of the longitudinal variations in the concentration and 

C isotopic composition of total and sinking POC. 

 

4.4.2 C and N concentration of sinking POM 

Sinking POC comprised a small fraction of total POC in the middle Brazos. The 

percentage of sinking POC in total POC was measured for two samples collected at site 1, 

and was 19% for sample 1c and 6% for sample 1d (Table 4-2). Sinking PM comprised a 

higher portion (20-30%) of the total PM in river water (Table 4-2).  

%OC, %N values and C/N ratios of untreated samples varied both spatially and 

temporally (Table 4-3, Fig. 4-4a and 4-4b). We grouped the samples according to their 

%OC, %N and C/N ratios: group I (samples 1a, 2a-b), group II (samples 1b-d), group III 

(sample 3), and group IV (sample 5). %OC values of group I-III samples were consistent, 

generally lower than 10%. However, %N values and C/N ratios varied largely among 

groups. Group II samples had the highest %N values (1.11-2.75%) and the lowest C/N 

ratios (C/N = 6.67-8.32); group III sample had low %N (0.47%) and the highest C/N ratio 

(21.19), and %N values (0.58-0.71) and C/N ratios (12.17-13.58) of group I samples were 

intermediate between those of group II and III samples. Sample 1b in group II differed 

from all other samples in that its %OC and %N values were the highest and C/N ratio was 

the lowest. Sample 5 in group IV had very low %OC (1.00%) and %N (0.11%) values,  
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Site Date sampled Sample name PMsink 
(mg L-1) %OCPMsink

POCTOT 
(mg C L-1) 

PMTOT
(mg L-1)

POCsink/POCTOT
(%) 

PMsink/PMTOT
(%) 

1 10/8/2009 1c 3.32 8.23 1.44 11.45 18.95 28.96 
1 1/17/2010 1d 1.02 7.73 1.30 4.75 6.04 21.38 
POCTOT values here are from Table 4-1.  
POCsink/POCTOT (%) = (PMsink × %OCPMsink)/POCTOT × 100%. 

 

Table 4-2. Percentage of sinking POC in total POC. 
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Site Date sampled Sample name Group %OC %N Molar C/N %Cobs Alkyl/O-alkyl 
1 3/5/2009 1a I 8.14 0.70 13.58 51.85 0.58 
 7/23/2009 1b II 15.73 2.75 6.67 52.93 1.49 
 10/8/2009 1c II 8.23 1.15 8.32 43.27 1.06 
 1/17/2010 1d II 7.73 1.11 8.11 26.54 1.69 

2 10/30/2008 2a I 7.98 0.71 13.03 42.40 0.63 
 7/23/2009 2b I 6.08 0.58 12.17 35.20 0.86 

3 3/5/2009 3 III 8.59 0.47 21.19 28.17 0.81 
5 11/19/2008 5 IV 1.00 0.11 10.63 35.09 1.49 

                  C in the molar C/N ratios is OC.   
 

Table 4-3. %OC, %N, and molar C/N ratios of untreated sinking POM, the percentage of C in sinking POM detected by NMR, and the 
alkyl/O-alkyl ratio of sinking POM. 
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Figure 4-4. Longitudinal variations in %OC, %N and molar C/N ratios of natural sinking 
POM. Vertical bars represent the standard deviation of all the data for the site. 
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indicating the dilution effect of minerals from soils. Therefore, demineralization of sample 

5 was required to obtain an NMR spectrum. 

 

4.4.3 Selection of the MMMs for sinking POC samples 

POC in rivers is a mixture of allochthonous (originating from terrestrial sources, e.g. 

soil) and autochthonous (originating from aquatic sources, e.g. phytoplankton) materials. 

Currently there is no MMM that works for such mixed systems. However, we can assign 

the aquatic or terrestrial MMM to a particular sample, depending on whether 

autochthonous or allochthonous POC dominates in the sample. We used the four criteria 

described below to determine whether autochthonous or allochthonous POC dominates 

and hence whether the aquatic or terrestrial MMM should be used for a particular sample.  

The first criterion is the C/N ratio of the sample. The low C/N ratios (6.67-8.32, Table 

4-3) of group II samples suggest a high contribution of phytoplankton materials to these 

samples. In contrast, the high C/N ratios (10.63-21.19, Table 4-3) of group I, III and IV 

samples suggest that terrestrial OM dominates in these samples.   

The second is the similarity between the molecular composition of group II samples 

and that of phytoplankton. Phytoplankton has higher protein and lipid content and lower 

carbohydrate content compared to terrestrial OM (Burdige 2007; Fahnenstiel et al. 1989; 

Hedges and Oades 1997). Therefore, the high lipid and protein content of group II samples 

predicted by both the aquatic and the terrestrial MMMs (Table 4-5), and the similarity of 

the spectra of these samples (Fig. 4-5c, 4-5d and 4-5e) to those of phytoplankton (Hedges 

et al. 2002; Krull et al. 2009) imply that phytoplankton materials comprise a major fraction 

of these samples.   
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Percentage of C resonating in spectral regions Site Date sampled Sample 
name Group  0-45 45-60 60-95 95-110 110-145 145-165 165-215 Error MMM 

chosen 
1 3/5/2009 1a I Measured 21.1 8.0 36.5 8.0 11.7 4.9 9.8   
    Predicted by MMMAq 21.8 6.8 37.4 7.7 13.1 2.8 10.5 9.4 N 
    Predicted by MMMTe 21.0 8.7 36.5 8.0 11.8 4.1 9.8 1.0 Y 
 7/23/2009 1b II Measured 34.6 10.7 23.2 4.1 8.1 2.9 16.4   
    Predicted by MMMAq 34.6 10.9 23.3 3.7 8.0 3.2 16.4 0.3 Y 
    Predicted by MMMTe 34.0 13.3 22.8 4.0 7.8 1.3 16.8 9.8 N 
 10/8/2009 1c II Measured 27.8 9.8 26.3 6.1 13.7 5.2 11.1   
    Predicted by MMMAq 28.3 9.0 27.0 5.2 14.5 4.2 11.8 4.3 Y 
    Predicted by MMMTe 27.1 11.1 26.0 5.4 13.5 2.9 13.9 15.8 N 
 1/17/2010 1d II Measured 35.4 10.7 20.9 4.3 10.3 3.3 15.0   
    Predicted by MMMAq 35.6 10.4 21.3 3.8 10.8 2.8 15.3 1.2 Y 
    Predicted by MMMTe 35.3 11.8 21.0 4.0 10.5 2.4 15.0 2.3 N 

2 10/30/2008 2a I Measured 21.3 8.9 33.6 7.4 13.6 5.0 10.3   
    Predicted by MMMAq 22.0 7.3 34.5 7.2 15.0 3.0 11.0 10.2 N 
    Predicted by MMMTe 21.3 9.1 33.5 7.6 13.6 4.6 10.3 0.2 Y 
 7/23/2009 2b I Measured 27.1 9.4 31.7 6.3 9.4 4.9 11.3   
    Predicted by MMMAq 28.0 7.7 32.6 6.4 10.9 2.3 12.1 13.9 N 
    Predicted by MMMTe 27.0 10.0 31.5 6.8 9.4 4.0 11.2 1.4 Y 

3 3/5/2009 3 III Measured 23.3 10.1 28.8 6.6 14.3 5.6 11.3   
    Predicted by MMMAq 25.0 5.3 30.5 6.5 16.7 3.4 12.7 40.7 N 
    Predicted by MMMTe 23.4 8.8 28.6 7.3 14.1 6.6 11.3 3.2 Y 

5 11/19/2008 5 IV Measured 25.1 8.5 16.9 5.7 21.4 9.4 13.0   
    Predicted by MMMTe 24.9 10.7 17.0 5.1 21.7 7.5 13.0 9.1 Y 

 
 

Table 4-4. Measured 13C NMR spectral distributions and predicted 13C NMR spectral distributions from aquatic and terrestrial MMMs 
(MMMAq and MMMTe, respectively). All results are for untreated samples except sample 5. Error is the sum of squares of the 
differences between the predicted and measured spectral intensities. Measured values are in italic. The results from the MMM chosen 
are in bold.  
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Site Date sampled Sample name Group MMM type Carbohydrate Protein Nucleic acids
or lignin Lipid Carbonyl Charcoal MMM chosen*

1 3/5/2009 1a I Aquatic 48.7 21.8 1.5 13.3 3.1 11.7 N 
    Terrestrial 47.2 23.4 12.4 10.6 0.8 5.6 Y 
 7/23/2009 1b II Aquatic 21.5 37.1 13.2 20.9 4.7 2.6 Y 
    Terrestrial 29.7 50.9 0 16.6 0 2.8 N 
 10/8/2009 1c II Aquatic 29.7 30.5 10.3 17.5 0 12.0 Y 
    Terrestrial 34.5 40.0 2.5 12.6 0 10.3 N 
 1/17/2010 1d II Aquatic 23.3 36.3 5.7 23.9 3.6 7.2 Y 
    Terrestrial 26.2 42.3 3.3 21.8 0.6 5.9 N 

2 10/30/2008 2a I Aquatic 46.1 24.4 0 12.7 2.7 14 N 
    Terrestrial 43.1 24.7 13.6 10.4 1.0 7.3 Y 
 7/23/2009 2b I Aquatic 42.1 25.1 1.2 18.8 3.9 8.8 N 
    Terrestrial 39.6 26.6 15.5 15.8 1.4 1.1 Y 

3 3/5/2009 3 III Aquatic 38.8 14.6 0 19.5 10.7 16.5 N 
    Terrestrial 32.9 14.9 26.1 15.0 7.5 3.5 Y 

5 11/19/2008 5 IV Terrestrial 17.6 26.5 22.8 14.0 4.7 14.4 Y 
* MMM chosen for each sample is the same as that in Table 4-4. 

 
Table 4-5. Percentage of six chemical components in the sinking POM samples calculated from NMR data using terrestrial and aquatic 
MMMs. All results are for untreated samples except sample 5. The results from the MMM chosen are in bold.  
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Figure 4-5. CP/MAS 13C NMR spectra of sinking POM in the Brazos River. Vertical 
scales are equivalent for all samples. NS, number of scans acquired for each spectrum. 
Line broadening is 50 for all spectra. 
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The third is the overall goodness of fit of the models. The overall goodness of fit (error) 

is measured by the sum of squares of the differences between the predicted and measured 

spectral intensities. For group II samples, the errors associated with the aquatic MMM are  

much lower than the errors associated with the terrestrial MMM, while for group I and III 

samples the case is opposite (Table 4-4). 

The last criterion is the nucleic acid/lignin content predicted by the models. When 

using the terrestrial MMM, it is assumed that there is a considerable amount of lignin in the 

sample. Therefore, a very low lignin content (0-3.3%, Table 4-5) predicted by the 

terrestrial MMM suggests that the terrestrial MMM is not appropriate for group II samples 

and the aquatic MMM should be used instead. Similarly, the very low nucleic acid content 

(0-1.5%, Table 4-5) predicted from the aquatic MMM indicates that the terrestrial MMM 

fits group I and III samples better. Although this criterion is limited because some fungi 

(e.g. white-rot fungus) preferentially degrade lignin (Baldock et al. 2004) and make low 

lignin content of terrestrial OM possible, we can still use this criterion here as a supplement 

to the above three criteria to support our selection of the MMMs for the samples.  

According to these four criteria, we applied the aquatic MMM to group II samples and 

the terrestrial MMM to the rest (groups I, III and IV) (Table 4-5) to determine chemical 

composition of the sinking POC samples. For the group IV sample we didn’t try the aquatic 

MMM because Δ14C values of both total and sinking POC at site 5 (-457‰ and -94‰, 

respectively, Table 4-1) clearly pointed to its terrestrial origin. 

 

4.4.4 Chemical composition of sinking POC 

During OM decomposition, O-alkyl C is preferentially degraded, leading to a decrease 
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in the content of O-alkyl C and an increase in the content of alkyl C (Baldock et al. 1997). 

Therefore, the alkyl/O-alkyl ratio can be used to assess the extent of OM decomposition 

(Baldock et al. 1997). However, this application is restricted to samples with a common 

origin (Baldock et al. 1997). We therefore interpret the alkyl/O-alkyl ratios of our samples 

separately. The high alkyl/O-alkyl ratios of group II samples (Table 4-3), which have an 

aquatic origin, are likely due to the high contribution of phytoplankton materials to these 

samples. For the rest samples of a terrestrial origin, the high alkyl/O-alkyl ratio of group IV 

sample compared to those of group I and III samples (Table 4-3) is an evidence of input of 

degraded SOM to the lower Brazos River.  

The amount of C observed by NMR analysis (%Cobs) ranged from 26 to 53% of total 

sinking POC (Table 4-3). The rest (47 to 74%) was not detected by NMR.  

During demineralization, carbohydrate, lignin and carbonyl were preferentially lost to 

the supernatants, leading to relatively enrichment of protein and lipid in the residue (Table 

4-6). The change in the relative content of protein and lignin was particularly remarkable 

(Table 4-6). Charcoal content decreased in sample 1a and increased in sample 3, but the 

changes were relatively small (1.8-2.4%, Table 4-6). If sample 5 responded to 

demineralization in the same way as samples 1a and 3, the chemical composition of the 

untreated sample 5 should be: carbohydrate > 17.6%, protein << 26.5%, lignin >> 22.8%, 

lipid <14%, carbonyl > 4.7%, and charcoal ≈ 14.4%.  

Of the sinking POC detected by NMR, carbohydrate and protein were the two most 

important components except in sample 5, accounting for 44-71% of the sinking POC, 

followed by lipid (11-24%) (Fig. 4-6). Charcoal content varied from 1% to 14%. Carbonyl 

made the smallest contribution to the OC pool in most samples.  
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Site Date sampled Sample name Treatment %OC %N Molar 
C/N %Cobs Carbohydrate Protein Lignin Lipid Carbonyl Charcoal Alkyl/ 

O-Alkyl
1 3/5/2009 1a Untreated 8.14 0.70 13.58 51.85 47.2 23.4 12.4 10.6 0.8 5.6 0.58 
   Demineralized 26.93 3.10 10.13 79.41 45.0 32.0 3.6 16.2 0 3.2 0.84 
3 3/5/2009 3 Untreated 8.59 0.47 21.19 28.17 32.9 14.9 26.1 15.0 7.5 3.5 0.81 
   Demineralized 26.54 4.45 6.97 76.15 25.0 49.7 0.6 19.3 0 5.3 1.80 
5 11/19/2008 5 Untreated 1.00 0.11 10.63 NA NA NA NA NA NA NA NA 
   Demineralized 8.66 0.79 12.87 35.09 17.6 26.5 22.8 14.0 4.7 14.4 1.49 

 

Table 4-6. Comparison of %OC, %N, molar C/N ratio, %Cobs, Alkyl/O-Alkyl and distribution of the six components before and after 
demineralization calculated from the terrestrial MMM. Data of demineralized samples are in italic.  
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Figure 4-6. Chemical composition of sinking POC in the Brazos River. Only sample 5 
was demineralized. Aq (aquatic) and Te (terrestrial) after sample names reflect the MMM 
model used for the sample. 
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There was no longitudinal trend in any of the 5 components: carbohydrate, protein, 

lipid, carbonyl or charcoal (Fig. 4-6). High carbohydrate content was observed in samples 

1a, 2a and 2b, and 3. Sample 5 had higher lignin and charcoal and lower carbohydrate 

contents compared to other samples, indicating a higher contribution of degraded terrestrial 

OM. Relatively high charcoal contents were also observed in the samples collected at site 1 

and site 2 (12% and 7%). 

 

4.5 Discussion 

4.5.1 Sources and chemical composition of total and sinking POC 

4.5.1.1 Site 1 in the middle Brazos: urban wastewater input and river damming 

Total POC at site 1 had Δ14C values ranging from -65 to -45‰ (corresponding to 

radiocarbon ages of 540-370 years), suggesting an input of old terrestrial OC. Sources of 

old POC could be SOM, coal-bearing bedrock, and POC in wastewater treatment plant 

(WWTP) effluent and on-site wastewater treatment leakage. However, as discussed below,  

WWTP effluent and on-site wastewater treatment leakage may be the major source of the 

old riverine POC.   

SOM is only a minor source of old riverine POC because transport of SOM to site 1 is 

limited. Although crop and pasture cover about one third of the area within a two-mile 

radius of Lake Granbury where site 1 is located (BRA 2010c), SOM input to site 1 at the 

center of the lake is likely limited due to the long distance between the inflow of the Brazos 

River above the lake and site 1 (~15 km). There are several creeks feeding the lake. 

However, these creeks drain into canals which do not mix with the main body of the lake 

(BRA 2010c), limiting their contribution of SOM to site 1. Erosion of soils in the river 
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banks is a more feasible way to contribute SOM to site 1. However, transport of SOM to 

site 1 is also limited because site 1 is ~200 m away from each side of the river banks.     

Radiocarbon data suggest that coal-bearing bedrock is not an important source of old 

POC at site 1. Sinking POC (Δ14C = -4 ± 13‰) was much more 14C-enriched than total 

POC (Δ14C = -55 ± 9‰) at site 1, implying that the old POC did not sink to the bottom of 

the lake but was carried by water downstream. The 14C-enriched POC at site 2 indicates 

that the old POC from site 1 is completely decomposed over the 116 km reach of the 

Brazos River between sites 1 and 2. The labile nature of the old POC at site 1 thus rules out 

the coal-bearing bedrock as a source of the old POC at site 1, because coal-derived OC has 

significant aromatic character (Lett and Ruppel 2004) and is resistant to decomposition in 

natural environments.  

POC from WWTPs and on-site wastewater treatment systems is likely the major 

source of the old POC at site 1 and the reason for the higher POC concentration at site 1 

compared to site 2 (Table 4-1). POC in WWTP effluent is generally old due to the presence 

of fossil C contained in petroleum products (e.g. surfactants). Δ14C values of POC in the 

effluent of twelve WWTPs in the Hudson and Connecticut River watersheds, which are 

representative of U.S. WWTPs, can be as low as -653‰, with an average of -103‰ and a 

median of -84‰ (Griffith et al. 2009). The predominant land use is residential (43%) 

within a one-mile radius around Lake Granbury (BRA 2010c). There are seven WWTPs in 

the watershed of Lake Granbury and many on-site wastewater treatment systems near the 

coves of the lake in the rapidly growing residential areas (Riebschleager and Karthikeyan 

2008). These facilities discharge large amounts of treated wastewater into Lake Granbury 

(BRA 2010c; Riebschleager and Karthikeyan 2008). Surfactants and other petrochemical 
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products in the treated wastewater might have contributed to the old POC in the lake. 

Federle and Pastwa (1988) documented that although the majority of surfactants are 

removed during sewage treatment, a significant fraction escape degradation and are 

released into the environments. These surfactants can be decomposed within days in the 

natural environments (Federle and Pastwa 1988), and were likely removed during transit 

before they reached site 2.  

 Because phytoplankton materials are more aliphatic (Hedges and Oades 1997), the 

high lipid and protein content and the high alkyl/O-alkyl ratios of sinking POC at site 1 

suggest that phytoplankton materials made up a considerable portion of POC at this site. 

This is supported by the relatively high productivity at site 1 (chlorophyll a = 20-30 μg L-1) 

(TCEQ 2010), which is favored by the long residence time of water in the lake formed by 

river damming and the nutrients input from WWTPs and on-site sewage facilities around 

the lake (Riebschleager and Karthikeyan 2008). The Δ14C values of phytoplankton, which 

are the same as the dissolved inorganic carbon (DIC) in the water (-10 to +10‰) (Zeng et al. 

2010), were obscured by the very negative Δ14C values of old POC and therefore were not 

reflected in the Δ14C values of total POC.  

The Δ14C values of sinking POC at site 1 (-4 ± 13‰) were close to those of 

phytoplankton, suggesting that phytoplankton materials constitute most of sinking POC. 

De Junet et al. (2009) also observed that phytoplankton and bacterioplankton comprised 

most of setting material in the reservoir formed by river damming. The high %OC and %N 

contents and low C/N ratio of sample 1b may indicate a higher phytoplankton growth rate 

on July 23, 2009 than on other sampling dates.  

Charcoal was 2.6-12.0% of the sinking POC at site 1. Since SOM contributed little to 
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riverine POC, potential sources of charcoal at site 1 include combustion of biomass and 

fossil fuel. However, the Δ14C values of sinking POC (-4 ± 13‰) suggest that combustion 

of biomass is the dominant source of the charcoal at site 1, because charcoal from biomass 

combustion would have Δ14C values reflecting those of the atmospheric CO2 (+19 to +36‰ 

in 2009-2010) (Hsueh et al. 2007; Trumbore et al. 2006) while charcoal from fossil fuel 

burning has Δ14C values of -1000‰. The charcoal content of sinking POC at sites 1 was 

generally higher in fall and winter than in spring and summer (Fig. 4-6), probably due to 

more biomass burning after harvest seasons.  

 

4.5.1.2 Site 2 in the middle Brazos: shallow soil input 

OM from shallow soil is the major source of POC at site 2. Total POC at site 2 was 

enriched in 14C in all dates sampled (Δ14C = +2 to +119‰). The change from old POC at 

site 1 to 14C-enriched POC at site 2 suggests decomposition of old POC and replacement by 

14C-enriched POC in the river segment between sites 1 and 2. Deposition of old POC in the 

riverbed is an unlikely explanation because sinking POC was young at site 1 (Table 4-1). 

Since only OM fixed between 1950 and 2004 would produce these Δ14C values 

(Burchuladze et al. 1989), total POC at site 2 is mainly composed of decades-old OM from 

shallow soils. 

The contribution of phytoplankton detritus to POC is smaller at this site than at site 1, 

as shown by the high carbohydrate content of sinking POC (Fig. 4-6). This is consistent 

with the lower nutrient and chlorophyll a content at site 2 compared to site 1 (BRA 2010a).  

Similar to site 1, combustion of biomass is the major source of charcoal in the sinking 

POC at site 2. Some of this charcoal may have been stored in shallow soils for a few years 
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before it was exported to the Brazos River with other SOM.  

 

4.5.1.3 Sites 3-6 in the lower Brazos: deep erosion of old soil 

 Old POC is generally found in high to medium relief rivers (Gao et al. 2007; Masiello 

and Druffel 2001; Mayorga et al. 2005) and rivers with OM-rich sedimentary rock outcrops 

in their watersheds (Raymond et al. 2004). However, we also observed old POC in the 

lower Brazos where the watershed is flat. Although there are small areas of lignite-bearing 

bedrock in the lower Brazos watershed, our data suggest that lignite contributed little to the 

old POC in the river. This lignite-bearing bedrock outcrops mostly upstream of site 3. If 

there were a significant lignite input to the river, we would expect high charcoal content 

and highly 14C-depleted POC at site 3, which we did not observe (charcoal content was 

3.5% and Δ14C value of POC was -86‰ at site 3, Table 4-1). Instead, sites 4-6 had much 

higher charcoal content and older POC than site 3 (Table 4-1, Fig. 4-6), suggesting that 

most of the charcoal and old POC were added to the river downstream of site 3. 

 The much higher concentration, lower Δ14C and higher δ13C values of total POC  at 

sites 4-6 compared to sites 1-3 (Table 4-1) suggest a large input of old SOM downstream of 

site 3 (Fig. 4-1). Soil (including modern soils and paleosols) erosion rates are significantly 

higher in the lower Brazos than in the middle Brazos as indicated by the total suspended 

solid (TSS) data. TSS averaged 247 mg L-1 50 km downstream of site 3, 197 mg L-1 at site 

4 and 130 mg L-1 near site 6, much higher than 24 and 40 mg L-1 at sites 1 and 2, 

respectively (BRA 2010a). 

 The much higher TSS in the lower Brazos compared to the middle Brazos is due to the 

soft river banks and bed, agricultural land use, and high precipitation in the lower Brazos 



 104

River watershed. In the lower Brazos the river banks and bed are soft alluvium which is 

more susceptible to erosion, while in the middle Brazos the river banks and bed are 

resistant Pennsylvanian and Cretaceous limestone bedrock (Stricklin 1961). Alfisols and 

Vertisols are the dominant soil orders in both the middle and the lower Brazos River 

watershed. However, land use is different between the middle and lower Brazos River 

watersheds. In the middle Brazos River watershed, the primary land use is forest and 

agricultural pasture, with sparse urban areas at sites 1 and 2, while in the lower Brazos 

River watershed, the primary land use is agricultural cropland and pasture. From site 2 to 

site 3, the land adjacent to the Brazos River is covered by cropland with little or no riparian 

borders. Downstream of site 3, pasture covers most of the watershed. Precipitation is 

higher in the lower Brazos than in the middle Brazos. Mean annual precipitation varies 

from 880 mm (34.7 in) in the middle Brazos River watershed to 1200 mm (47.2 in) in the 

lower Brazos River watershed (Mishra and Singh 2010).  

Since the predominant source of POC in the lower Brazos is SOM, we would expect 

that sinking POC is older than total POC, as observed for soils (Trumbore 2000) and a 

subtropical river in China (Gao et al. 2007). However, we observed the opposite: sinking 

POC was generally younger and more 13C-enriched than total POC. This pattern indicates 

that the high-density fraction of riverine POC in the lower Brazos contained more young 

terrestrial materials, probably derived from C4 plants, than the low-density fraction of 

riverine POC.  

 

4.5.1.4 Linking total POC data in this study to published DIC data for the Brazos River 

 The Δ14C values of riverine total POC are positively related to the Δ14C values of 
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riverine DIC collected on the same date (data from Zeng et al. 2010) (r2 = 0.87, Fig. 4-7), 

revealing the interconversion between riverine POC and DIC via respiration and 

photosynthesis. POC was always more 14C-depleted than DIC (Table 4-1). More 

14C-depleted POC than DIC has been observed in most rivers that have radiocarbon data 

for paired POC and DIC samples (Raymond and Bauer 2001; Raymond et al. 2004). The 

relative 14C-enrichment of DIC relative to POC is due to (1) preferential respiration of the 

relatively young fraction of POC and/or (2) input of POC which is more depleted in 14C 

(e.g. soil) than phytoplankton. In the lower Brazos, CO2 supersaturation (~3 times the 

atmospheric CO2 concentration) and Δ14C values of DIC (-193 to -194‰, Table 4-1) (Zeng 

et al. 2010) suggest decomposition of 1700-year-old riverine POC, the younger fraction of 

the 4300-year-old bulk POC (Δ14C = -417‰), in the water column.  

 

4.5.2 Implications for the marine C cycle 

 The focus of this work was a longitudinal survey of the organic geochemistry of the 

Brazos River. We have only 1-2 data points at the river mouth, prohibiting a full scale-up to 

investigate the marine C cycle implications of our results. Nevertheless, we can bound 

some processes with the data we have. In the following paragraphs we estimate the fluxes 

of POC, charcoal and lignin from the Brazos River to the Gulf of Mexico. 

 

4.5.2.1 The Brazos River POC export 

Existing estimates of global river POC export are generally based on the world’s large 

rivers. However, small rivers can have higher concentrations of POC than large rivers, e.g. 

8.0-8.3 mg L-1 in the Brazos River compared to 0.61-2.78 mg L-1 in the Mississippi River 
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Δ14C-DIC = 0.59×Δ14C-POCTOT + 63
r 2 = 0.87, N=11
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Figure 4-7. Correlation between Δ14C-DIC and Δ14C-POCTOT of the Brazos River. Each 
pair of riverine DIC and POC samples was collected on the same date. Δ14C-DIC values 
of the Brazos River are from Zeng et al. (2010).  
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 (Bianchi et al. 2007). Together, global small river POC export may account for a 

significant fraction of total POC delivered by rivers to the ocean (Wheatcroft et al. 2010).  

Our two measurements of POC concentration at site 5 (Table 4-1), which is close (20 

km) to the mouth of the Brazos River but not affected by the Gulf of Mexico water as 

suggested by the C isotope data, are consistent despite the large variation in river water 

discharge on the two dates sampled (149 m3 s-1 on Nov 28, 2007 and 39 m3 s-1 on Nov 19, 

2008, data from the U.S. Geological Survey). Therefore, we used the average of these two 

measurements (8.15 mg L-1) as the annual mean POC concentration at this site, recognizing 

that the number of measurements is too low for a fully representative scale-up. Based on 

the annual mean river water discharge of 274 m3 s-1 (data from the U.S. Geological Survey), 

we estimated the Brazos River POC export to be 7.0 × 104 t C yr-1. 

 

4.5.2.2 The Brazos River charcoal export 

Estimating river export of charcoal is important because charcoal preferentially 

accumulates in marine sediments compared to other C sources (Masiello and Druffel 1998, 

2003; Middelburg et al. 1999) owing to the resistance of charcoal to biological attack 

(Baldock and Smernik 2002) and chemical degradation (Hedges and Keil 1995; 

Middelburg et al. 1999). However, studies on river export of particulate charcoal are rare, 

existing in only a few rivers (Masiello and Druffel 2001; Mitra et al. 2002), limiting our 

understanding of rivers’ role as a carrier of charcoal to the ocean.  

Here we scaled up our measurements to the annual sinking charcoal export of the 

Brazos River, defined as the amount of charcoal that is exported with sinking PM by the 

Brazos River per year, using the following equation: 
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OC
charcoal

PM
OC

PM
PM

 dischargesediment export Charcoal
sinkTOT

sink ×××=  

 

We used values at site 5 in the scale-up calculation whenever possible. Due to the 

low number of measurements in this study, we made the following three assumptions in 

the calculation. First, we assumed that site 5 has the same percentage of sinking PM in 

total PM (
TOT

sink

PM
PM ) as site 1, which is the only site where 

TOT

sink

PM
PM  was measured. Second, 

we assumed that CP NMR spectroscopy can detect all the charcoal in the sinking POM 

samples. Third, we assumed that all the measured values of 
TOT

sink

PM
PM

, OC content in the 

sinking PM (
sinkPM

OC ),
 

and
 

the charcoal content of sinking POC (
OC

charcoal ) are 

representative of their annual mean values.  

Using the average TSS, 130 mg L-1 (BRA 2010a), and the mean annual water 

discharge, 274 m3 s-1 (U.S. Geological Survey), near the mouth, we calculated the Brazos 

River sediment discharge to be 1.12 × 106 t yr-1. This is only ~10% of the sediment 

discharge (11-16 × 106 t yr-1) published for the Brazos River (Bianchi et al. 1999; Meade 

and Parker 1985; Milliman and Syvitski 1992). The reason for the discrepancy is that the 

old data, 11-16 × 106 t yr-1, were obtained before 1964 (Milliman and Syvitski 1992). Since 

then, two of the three major dams in the Brazos River have been built (in 1969 and 1978, 

respectively, Brazos River Authority, www.brazos.org). These dams reduced the sediment 

load of the Brazos River. To be conservative, we used the 1.12 × 106 t yr-1 as the sediment 

(3) 
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discharge value in our calculation. The 
TOT

sink

PM
PM

 values measured at site 1 have an average 

of 25% (Table 4-2). The 
sinkPM

OC  value at site 5 is 1% (Table 4-3), and the 
OC

charcoal  value 

at site 5 is 14.4% (Table 4-5). With these values, we estimated that the charcoal delivered 

with sinking PM by the Brazos River is 0.4 × 103 t yr-1.  

It should be noted that our estimate of the Brazos River annual sinking charcoal export, 

0.4 × 103 t yr-1, represents a very conservative value. First, the 
TOT

sink

PM
PM

 value at site 5 is 

likely much higher than that of site 1 used in the calculation, because soil materials with a 

density higher than phytoplankton constituted a much higher fraction of total PM at site 5 

than at site 1. An increase in 
TOT

sink

PM
PM  would increase the estimate of charcoal export. 

Second, previous studies show that the our measurement technique, which relies on CP 

NMR spectroscopy, underestimates charcoal content by a factor of 2 to 3 (Hockaday et al. 

2009; Nelson and Baldock 2005; Skjemstad et al. 1999). To be conservative, we used the 

charcoal content from the CP NMR measurements in the calculation without making any 

correction. It should be also noted that the calculated Brazos River annual sinking charcoal 

export here is only for the portion of charcoal associated with sinking PM. If the charcoal 

contained in suspended PM is included, the Brazos River exports more than 0.4 × 103 t yr-1 

of charcoal to the Gulf of Mexico.  

 

4.5.2.3 The Brazos River lignin export 

Lignin, which only exists in terrestrial high plants, is another component of POM that 
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is relatively resistant to degradation. Because of this, lignin and lignin-derived phenols are 

extensively used as a tracer of terrestrial OM in the ocean.  

We estimated the Brazos River export of sinking lignin to the Gulf of Mexico in the 

same way we did for the sinking charcoal export. Due to loss of lignin during 

demineralization (Table 4-6), as well as the likely higher 
TOT

sink

PM
PM

 value at site 5 compared 

to site 1 as discussed above, our estimate 0.64 × 103 t yr-1 using the lignin content (22.8%, 

Table 4-5) of the demineralized sample 5 and the 
TOT

sink

PM
PM  value at site 1 reflects the lower 

bound of the Brazos River annual sinking lignin export. The total particulate lignin export 

of the Brazos River is higher than 0.64 × 103 t yr-1 when the lignin in suspended PM is 

included.  

 

4.5.2.4 Linking river POC, charcoal and lignin fluxes to water and sediment discharge 

Another issue that must be considered in global scale-ups of geochemical fluxes of 

POC, charcoal, and lignin is whether the size of the flux is related to water or sediment 

discharge (e.g. more mass is delivered when water or sediment discharge increases). 

Accurate global extrapolation depends on the assumption of a strong correlation between 

flux magnitude and water or sediment discharge. Here we compiled our data for the Brazos 

River and the data published for other rivers from the literature to examine if such 

correlations exist.  

River POC, charcoal and lignin fluxes vary significantly among rivers (Table 4-7). We 

only found a moderate correlation (r2 = 0.66, N = 20) between POC export and sediment 

discharge, while all other pairs (POC or charcoal or lignin versus water discharge, and  
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River Water discharge
(m3 s-1) 

Sediment discharge 
(×106 t yr-1) 

POC export 
(×105 t C yr-1)

Charcoal export
(×104 t C yr-1) 

Lignin export 
(×103 t C yr-1) Reference 

Brazos 274 1.12 0.7 >0.04 >0.64 This study 
Santa Clara 34 59 3.6 5.9 nd Masiello and Druffel 2001 
Mississippi 15,000 132 28.8 48 ± 22 nd Mitra et al. 2002 
 17,345 61.3 9.3 nd 0.12 Bianchi et al. GCA 2007 
 14,385 80.3 7.9 nd nd Duan and Bianchi 2006 

 nd 17.7 (sand) 
103.4 (mud) 

3.4 ± 0.9 (sand)
3.3 (mud) nd 1.22 ± 0.94 (sand)

0.31 ± 0.25 (mud) Bianchi et al. Estuarine 2007 

Atchafalaya nd 11.2 (sand) 1.3 ± 0.7 (sand) nd 1.24 ± 1.21 (sand) Bianchi et al. Estuarine 2007 
Ob 12,811 nd 3.6 1.8 nd Elmquist et al. 2008 
Yenisey 19,660 nd 1.7 1 nd Elmquist et al. 2008 
 18,043 17.1 1.71 nd 1.8 Lobbes et al. 2000 
Lena 16,584 nd 12 3.6 nd Elmquist et al. 2008 
 16,616 10.8 4.62 nd 2.3 Lobbes et al. 2000 
Indigirka 1,719 nd 1.7 1.3 nd Elmquist et al. 2008 
 1,570 8.4 1.74 nd 0.08 Lobbes et al. 2000 
Kolyma 3,869 nd 3.1 2.4 nd Elmquist et al. 2008 
 3,111 14.9 3.1 nd 0.10 Lobbes et al. 2000 
Yukon 6,342 nd 0.12 0.11 nd Elmquist et al. 2008 
Mackenzie 10,464 nd 21 9.9 nd Elmquist et al. 2008 
Mezen 650 4.3 0.37 nd 0.11 Lobbes et al. 2000 
Vizhas 2 0.011 0.0004 nd 0.0001 Lobbes et al. 2000 
Vaskina 2 0.0073 0.0005 nd 0.0001 Lobbes et al. 2000 
Velikaja 1 0.0035 0.0002 nd 0.00003 Lobbes et al. 2000 
Moroyyakha 2 0.0051 0.0006 nd 0.0001 Lobbes et al. 2000 
Olenek 999 0.96 0.26 nd 0.11 Lobbes et al. 2000 
Omoloy 35 0.0064 0.011 nd 0.003 Lobbes et al. 2000 
Yana 980 2.2 0.49 nd 0.20 Lobbes et al. 2000 

nd: no data. 
 
Table 4-7. River POC, particulate charcoal and lignin export from this study and the literature. Different water and sediment discharge 
data for the same river are for different periods when the measurements were made.  
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charcoal or lignin versus sediment discharge) showed very weak correlations (r2 < 0.35). 

The poor correlations between these parameters suggest significant spatial geochemical 

heterogenity in world rivers. Therefore, for a better constraint on global river POC, 

charcoal and lignin fluxes, measurements are needed in river systems under various 

ecosystem, climate and land use conditions. 

 

4.6 Conclusions 

The isotopic and chemical composition of total and sinking POC in the Brazos River 

was mainly controlled by land use and by the climate in the watershed. There was little or 

no effect of ancient OM, which is present in the Brazos River watershed, on riverine POC. 

Petroleum products (e.g. surfactants) that survived passage through WWTPs and on-site 

sewage facilities in urban areas might be added to the middle Brazos and draw the Δ14C of 

total POC to negative values. Phytoplankton, the growth of which is facilitated by the 

relatively long hydraulic residence time of the lake formed by river damming and the 

nutrients from urban WWTPs and on-site sewage facilities, also comprised a considerable 

fraction of riverine POC in the middle Brazos, particularly for the sinking POC. 

Decades-old OM in shallow soil is another source of riverine POC in the middle Brazos. In 

contrast, millennia-old SOM from erosion of deep soil is the predominant source of 

riverine POC in the lower Brazos. The severe soil erosion in the lower Brazos is due to the 

non-resistant river banks and bed, agricultural land use, and high precipitation. Sinking 

POC comprised more young, probably C4 plant-derived, OM than total POC in the lower 

Brazos. Charcoal in the middle Brazos is mainly from recent biomass burning, whereas 

charcoal in the lower Brazos is from deep soil erosion. 
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 The Brazos River discharges 7 × 104 t of POC, of which at least 0.4 × 103 t is charcoal 

and at least 0.64 × 103 t is lignin, to the Gulf of Mexico annually. The lack of a strong 

correlation between POC, charcoal, or lignin export and water or sediment discharge 

across rivers suggest that rivers behave differently and scaling up to global river POC, 

charcoal, and lignin fluxes requires a higher spatial and temporal resolution of 

measurements than presented here. 
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CHAPTER 5 

Conclusions 

 

I measured pCO2, the concentration and C isotopic composition (δ13C and Δ14C) of 

DIC and POC, and the chemical composition of bulk and sinking POC in two small 

humid subtropical rivers (Buffalo Bayou and Spring Creek) and a midsized subtropical 

river (the Brazos River) in Texas. Based on the results from these measurements, I 

conclude that: 

 

1. The small humid subtropical rivers studied here were highly supersaturated with CO2 

throughout the year, suggesting that humid subtropical rivers are likely a significant 

source of atmospheric CO2 globally. CO2 concentrations in the Buffalo Bayou and 

Spring Creek were 7-10 times that of the atmosphere, comparable to those of tropical 

rivers and much higher than those of temperate rivers. My conservative calculation 

reveals that Buffalo Bayou and Spring Creek release CO2 to the atmosphere at a rate 

per unit water surface area intermediate between those of tropical and temperate 

rivers.  

2. Land use and human activities are an important control on the sources and cycling of 

riverine C in the Brazos and Buffalo Bayou.  

a) By enhancing air-water CO2 exchange and stimulating growth of phytoplankton, 

river damming and nutrient addition from urban treated wastewater discharge led 

to low CO2 concentrations (close to that of the atmosphere) and to high δ13C 

values of DIC in the middle Brazos. Phytoplankton detritus and OM from 
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shallow soil and urban treated wastewater were the sources of riverine POC in 

the middle Brazos.  

b) Agricultural land use and high precipitation enhanced erosion of deep soils in the 

lower Brazos. As a result, millennial-aged SOM was lost to the river and added 

to the old POC pool in the lower Brazos. Decomposition of this old SOM 

contributed to the CO2 evaded from the lower Brazos.  

c) Crushed limestone/dolomite minerals and oyster shells used in road construction 

is being dissolved and slowly drained into the highly urbanized Buffalo Bayou 

and the lower Brazos, and may be a source of the old CO2 released to the 

atmosphere.  

3. Basin lithology is not an important control on the sources of C in the middle Brazos. 

Limestone bedrock contributed little or nothing to riverine DIC, although it outcrops 

in large areas in the middle Brazos. Similarly, little coal or lignite is detected in the 

riverine POC in the Brazos. However, the high erodibility of alluvium in the river 

banks and bed of the lower Brazos has enhanced the input of old SOM to the riverine 

POC pool.  

4. Radiocarbon data of DIC in the relatively undeveloped Spring Creek and at one site 

of the middle Brazos suggest that the ecosystem residence time in the subtropical 

Texas is years to decades.  

5. Precipitation is another important control on CO2 concentration in the rivers I studied. 

It affected the daytime and seasonal variations in river CO2 concentration in Buffalo 

Bayou and Spring Creek. The relatively low precipitation in the Brazos River 

watershed might be a reason for the much lower pCO2 in the Brazos compared to 
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Buffalo Bayou and Spring Creek and other subtropical rivers.  
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