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INTRODUCTION 

Radiocarbon dating (Libby, 1955) has been an important tool in the 
marine sciences since the early 1950s (eg, Arrhenius, Kjellberg & Libby, 
1951; Ericson et al, 1.956; Broecker, Ewing & Heezen,1960; Emery & Bray, 
1962) and the basic principles and analytic procedures of the method have 
changed little. In the late 1970s, the Accelerator Mass Spectrometer (AMS) 

method of 14C dating was developed (Bennett et al, 1977, 1978), the major 
advantages being that samples several thousand times smaller than needed 
for beta-decay counting can be dated, and analysis time is reduced to ca 1 

hr from the 1-6 days needed for beta-decay methods. 
The deep-sea sediment record is ideally suited for 14C dating by AMS, 

as there is often insufficient material available for both dating by beta-decay 
methods and performing other sedimentologic analyses. In many regions 
of the ocean, there is a significant component of eolian or glacially trans- 

orted detrital carbonate, or reworked fine-grained biogenic carbonate (ie, 

4C-dead material). This material is mixed with contemporaneously pro- 
duced d biogenic carbonates, resulting in erroneously old, and often uninter- 
pretable,14C ages when bulk-sediment analyses are made. 

Despite the wide acceptance and clear utility of AMS dating in the 
marine geological sciences (eg, Broecker et al, 1984; Duplessey et al, 1986; 
Bard et al, 1987; Andree et al, 1986), there has been no direct comparison 
of this method with the well-established beta-decay method of 14C dating 
deep-sea sediments. 

Within the past three years, Woods Hole Oceanographic Institution 
has become one of the largest users of the National Accelerator Facility at 
the University of Arizona, submitting some 300-400 samples annually. 
Most of these samples are carbonates obtained from the various compo- 
nents found in deep-sea sediments. Before undertaking AMS studies, we 

conducted a study in 1984-1985 to compare directly AMS and beta-decay 

105 



106 G A Jones, A] T Jull, T W Linick and DJ Donahue 

methods of dating deep-sea sediments, as well as to compare the iron-car- 
bide (Linick et al, 1986) and graphite (Dull et al, 1986; Slota et al, 1987) 
methods of target preparation for AMS. This was an empirical study 
designed to identify the potential problems and/or advantages of using 
either method for a wide range of deep-sea-sediment studies, and obtain a 
base line of intercompared AMS and beta-decay 14C dates from the same 
deep-sea sediment core. Fourteen conventional and 21 AMS '4C analyses 
are reported from Equatorial Atlantic core V30-41 K. 

METHODS 

V30-41 K Core Description 

Kasten core V30-41 K (00° 13' N, 23° 4' W; 3874m water depth,) was 
collected from the eastern flanks of the mid-Atlantic Ridge by Lamont- 

% Coarse Fraction 

Fig 1. Coarse-fraction (>63t) and CaCO3 percentage determinations. CaCO3 percent- 
ages were determined at 0.5cm intervals using the method of Jones and Kaiteris (1983). 
Coarse-fraction percentages were determined at ca 4cm intervals. Intervals sampled for 14C 

determinations are marked with an asterisk (*). Exact depths of these analyses are given in 
Table 1. 
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I)oherty Geological Observatory in 1973. This core is 176cm long and has 
been extensively studied (Jones & Ruddiman,1982). It is an average Equa- 
torial Atlantic core, with an approximately linear sedimentation rate over 
the past 35,000 years, no visible anomalous sediment features and no 
extensive carbonate dissolution. This core contains no evidence of down- 
slope reworking, and is from a region relatively free of detrital carbonate 
(ie,14C-dead) input. Thus, V30-41K was chosen as a good direct test of beta- 
decay and AMS 14C dating. 

For this study, we have analyzed both the bulk (total) CaCO3 and 
the >1 50t fractions by AMS, and bulk CaCO3 by beta-decay methods 
because these are the two most commonly used fractions for paleoceano- 
graphic studies. Most beta-decay 14C dates from deep-sea sediment cores 
are obtained from the total carbonate fraction, while most paleoceano- 
graphic information is obtained from analyses of planktonic and benthonic 
foraminifera in the >1 50t size fraction. Figure 1 shows the downcore pro- 
files of coarse-fraction (>63µ, entirely composed of planktonic and ben- 
thonic foraminifera) and total-sediment carbonate percentages for this 
core. 

Beta-Decay Dating Techniques 

With conventional methods of 14C dating, ca 10-40g of carbonate (ie, 

ca 1-4g C) are acidified, and the CO2 is most often converted to either acet- 
ylene (Suess, 1954) or benzene (Barker, 1953). Depending upon the age of 
the sample and the rrecision desired, a sample is counted from 1-6 days. 
On average, most 1 C laboratories achieve an analytical precision of ±4- 
7%o for material of modern age. For a more thorough treatment of the 
principles of 14C dating by the beta-decay method, see, eg, Libby (1955), 
Faure (1977) and Berger and Suess (1979). 

We used 14 beta-decay analyses of bulk sediment (Table 1, Fig 2). Sam- 
ple sizes ranged from 20-40g. The results are reported as conventional 14C 

ages (Stuiver & Polach, 1977), and no reservoir corrections have been 
applied (Stuiver & Ostlund, 1980). 

AMS Dating Techniques 

For AMS 14C dating of marine sediments, 10-30mg of carbonate (ie, 

1-3mg of C) were used. CO2 was produced by acidification with phosphoric 
acid in vacuo. The CO2 was reduced to CO over hot 7n and further reduced 
over hot Fe to iron-carbide (Linick et al, 1986) or elemental carbon (Dull et 

al, 1986; Slota et al, 1987). The analytical precision obtained with the iron- 
carbide targets is ±20-30i6o for modern materials, and the background is 

ca 30,000 yr. This method was used by the US National Accelerator Facility 
in Tucson, Arizona from May 1982 to late 1984. Since late 1984, this facil- 
ity has used graphite targets. The analytical precision of this method 
is ±5-10%o for modern material, and the background is ca 45,000 yr. 

We obtained 21 AMS 14C dates from Equatorial Atlantic core V30-41 K 

(Table 1, Fig 2). The results are reported as conventional 14C ages 
(Stuiver & Polach, 1977), and no reservoir corrections were applied 
(Stuiver & Ostlund,1980). 
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TABLE 1 

Radiocarbon ages for Equatorial Atlantic core V30-41K 

Beta-decay* Graphite 
Accelerator** 

Graphite 
Depth (cm) (total sediment) (total sediment) l 50µ) 50µ) 

0-1 5800 ± 260- 
1-2 6170 ± 90 290 

2.5-4 (2100 ± 120)f 
4-5 (2420 ± 200)-- 
6-7 2490 ± 80 70 80 
8-9 2920 ± 70 

10-11 (3750 ± 230)- 
13-14 4490 ± 100+ 80 80 
13-14 4520 ± 130 
18-19 (7890 ± 350)1 
24-26 (10,870 ± 360)- 
31-32 (12,610 ± 610)f 
32-33 12,860 ± 160 170 400 
38-39 (15,230 ± 840)-- 

, 

44-46 (19,080 ± 920)- 210 190 
57.5-59 22,100 ± 290§ 

66-67.5 25,000 ± 310§ 
68-69 30,450 ± 790 480 3900 
84-85 36,120 ± 1380 760 
84-87 25,040 ± 460* 

* Dates in parentheses have been reported previously in Jones and Ruddiman (1982). ** Analyses made at University of Arizona, Tucson Accelerator Facility between 1984-85. Conventional 14C ages are given with an assumed 13C value of 0%o used for 8130 correction to 
25%o. 

t Analyses made at Lamont-Doherty Geological Observatory radiocarbon laboratory in 
1978. Conventional 14C ages are given with an assumed 13C value of 0%o used for 513C correc- tion to - 25%o. 

+ Analyses made at Beta Anal/ic between 1983-85. Conventional 14C ages are given with measured 13C values used for 8' C correction to - 25%o. 
§ Analyses made at Beta Analytic between 1983-85. Conventional 14C ages are given with an assumed 13C value of 0%o used for 8130 correction to - 25%o. 

RESULTS AND DISCUSSION 

Core-top Ages 

Most deep-sea sediment studies assume that the sediment-water inter- 
face (ie, the "true" coretop) is either recovered infrequently or is disturbed 
by coring devices (eg, Wrath, 1936; Burns, 1963; Hopkins, 1964; Emery & 
Hulsemann, 1964; Weaver & Schultheiss, 1983; Blomqvist, 1985). Esti- 
mates range from no sediment to as much as lm missing due to this prob- 
lem. V30-41 K exhibits a different type of problem. The upper 2.0cm of this 
core was slightly darker than the underlying sediment but otherwise did not 
appear unusual. The 0-1 cm level of this core yielded a beta-decay 14C date 
of 5800 yr, which was clearly anomalous when compared to the ages of the 
underlying levels (Table 1). The 1-2cm level was AMS dated on the >150 µ fraction. Both the iron-carbide and graphite targets revealed anomalously 
old ages (Table 1). Below the 2cm level, conventional and AMS dates 
yielded ages, and an age-depth profile, that would be expected for a core 
with a 2.40cm/1000 yr sedimentation rate and a bioturbated mixed layer of 
ca 4cm (Jones & Ruddiman, 1982; Peng et al, 1979). 



Radiocarbon Dating of Deep-Sea Sediments 

0 

E 
u 

109 

40 

Fig 2. Age-depth plot for 14C analyses listed in Table 1. Fit is based on a 2.4cm/1000 yr 
sedimentation rate from 2 (ie, true coretop) - 13.5cm, a 1.6cm/1000 yr sedimentation rate 
from 13.5-18.5cm; and a 2.45cm/1000 yr sedimentation rate from 18.5-85.0cm. le errors 
are given by horizontal bars through each data point. Note 4-6cm-thick mixed layer at the 
coretop, and the increasingly divergent accelerator and conventional 14C ages below 60cm. 

We suspect that during core recovery and shipboard storage, dewater- 
ing of the core carried sediment upwards along the core liner and this sedi- 
ment was redeposited onto the top of the core. This mechanism of dewater- 
ing and resedimentation was observed directly by the first author during a 
1976 cruise to the Straits of Florida. During this cruise, piston cores with 
clear core liners were used to sample the foram-rich sediments from this 
region. Many of the recovered cores contained pockets of water between 
the sediment and the core liner. This sediment-laden water was observed 
migrating upwards along the coreliner-sediment boundary and the sedi- 
ment was deposited as a new "coretop." At that time the effect was thought 
to be restricted to very coarse-fraction-rich sediments, but subsequent 
results on V30-41K and other cores indicate this may be more common 
than realized previously. In all subsequent discussions we consider the 2cm 
level to be the true coretop for V30-41 K. 

Resedimented material at the coretop could explain many of the 
apparently old 14C ages for coretops that previously were ascribed to a lack 
of true coretop recovery due to overpenetration of the coring device. Also, 
this mechanism could explain the anomalously thick mixed layers required 
by Peng et al (1979) to model many coretop 14C ages. 

Beta-Decay vs AMS Bulk 14C Dates 

The age-depth relationship of these analyses is shown in Figure 2. A 

distinct 4-6cm bioturbated mixed layer is observed, which agrees with the 
ca 4cm mixed layer estimated for this core by Jones and Ruddiman (1982). 
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From 2-42cm (ie, ca 20,000 BP), there is little difference at the 1r level 
between these two methods. However, for sediments >20,000 yr, the beta- 
decay bulk ages increase more slowly than the accelerator bulk ages that 
continue to increase linearly (Fig 2). 

Since both methods date the same material and are calibrated and 
checked through analyses of standards and blanks, we believe that one pos- 
sible explanation for these results lies in the nature of the sampling. Sam- 
ples for AMS dating were collected from the center of the Kasten core, 
whereas the ca 40g samples for the beta-decay analyses were slices of each 
dated level in the core. Despite removing all sediment from the outer edge 
of the sample that was in contact with the core barrel, and all sediment sur- 
faces exposed during core storage, it is possible that these large samples 
may contain 1-2% of modern contamination (Fig 3). 

This is an example, however, where accelerator 14C dating of even bulk 
sediment can easily result in more realistic ages than the beta-decay meth- 
ods for sediments >20,000-25,000 yr. The smaller sample size require- 
ment results in greater freedom in selecting the exact location of the sam- 
ple to be taken at a particular horizon. If one had used the beta-decay dates 
as obtained, the interpretation would have been that > 18,000-yr-old glacial 
sediments had accumulated at higher rates than during the last 18,000 yr. 
The accelerator dates on both bulk sediment and the >1 50j fraction sug- 
gest that, at this location, the ca 2.40cm/ 1000 yr sedimentation rate has 
changed little during the last 35,000 yr. 
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Fig 3. Age-depth plot for 14C analyses listed in Table 1. Five curves are based on a uni- 
form sedimentation rate of 2.4cm/1000 yr, and the effects of varying amounts (0-4%) of mod- 
ern 14C contamination on measured 14C ages. la errors are given as horizontal bars through 
each data point. Note increasingly divergent accelerator and conventional 14C ages below 
60cm. 
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There are man examples of apparent sedimentation rate increases, 
age reversals and C ages that are inconsistent with other stratigraphic ' 

information in the 25,000-35,000 yr age range when dating organic car- 
bon and carbonate materials (eg, Geyh, Krumbein & Kudrass, 1974; Geyh, 
1979). This is one of the critical problems associated with 14C dating older 
deep-sea sediments by beta-decay methods. It is well known that the sedi- 
ment in contact with the core barrel is often contaminated with recent 
material as a result of the coring process. It is a standard procedure when 
sampling a deep-sea core to remove ca 0.25-0.5cm from this outer layer of 
potentially contaminated material. However, in trying to date older core 
material, larger sample sizes are required to insure sufficient beta decays 
for meaningful counting statistics within a reasonable time. Therefore, as 

sample size increases, either stratigraphically thicker samples must be 
taken, thus reducing the chronologic resolution that can be obtained, or 
more material is obtained from a given horizon by sampling closer to the 
outer layer of the core, thus increasing the chance of contamination with 
modern sediment found along the inner lining of the core barrel. The AMS 
samples were no larger than 40mg. Even for the oldest material, AMS 
requires only a very small segment of sediment (<1 cm) from the central 
region of the core. 

Iron-Carbide vs Graphite Targets 

The Arizona Accelerator Facility was in the process of switching from 
iron-carbide to graphite targets at the time Woods Hole Oceanographic 
Institution was preparing to use AMS in marine sedimentologic studies. We 
chose six levels from core V30-41K to compare directly these two methods 
of AMS target preparation (Table 1). Iron-carbide targets yield ages that 
are systematically older than graphite targets, although still within the 1 

counting statistics. The significant improvement in both the analytical pre- 
cision and the extended background ages with graphite targets is readily 
apparent from the data in Table 1. The Arizona Accelerator Facility had 
analyzed ca 1000 samples between May 1982 and late 1984 with the iron- 
carbide targets before switching to graphite targets. None of the Woods 
Hole sedimentologic or paleoceanographic studies were done with iron- 
carbide targets. 

AMS Bulk vs AMS >1 5Oi Fraction Ages 

Several authors have discussed the problem of 14C dating the carbon- 
ate fraction of marine sediments (eg, Emery & Bray, 1962; Olsson & Eriks- 
son, 1965; Geyh, 1979; Erlenkeuser, 1979). Much of the ?roblem involves 
incorporating reworked fine-grained detrital material (ie, 4C dead), result- 
ing in anomalously old 14C ages, age reversals, and/or uninterpretable rec- 
ords (eg, Geyh,1979; Stanley, Nelson & Stuckenrath,1984; Stanley, 1985). 
The AMS method allows specific-size fractions and sediment components 
to be isolated and dated, thus offering a relatively straightforward method 
of eliminating the effects of detrital carbonate on 14C ages. 

As stated earlier, core V30-41 K was collected from a region character- 
ized by minimal detrital carbonate input. As such, this core offers a good 
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test of how bulk and coarse-fraction 14C ages compare. The ages obtained 
from these two different fractions of the deep-sea sediment record reveal 
significant differences. For those sediments younger than the Holocene- 
Late Pleistocene transition (ie, ca 11,000 BP), the bulk sediment ages are 
younger than the coarse-fraction ages. For those sediments older than the 
Holocene-Late Pleistocene transition, the coarse-fraction dates are 
younger than the bulk sediment dates by as much as 2500 yr (Fig 4). 

One possible explanation for these age differences is that they are an 
artifact of the bioturbation-abundance couple (Hutson, 1980; Andree et al, 
1984; Peng & Broecker, 1984). More Holocene coarse-fraction-rich sedi- 
ment is mixed downward into the glacial-age sediments than glacial-age 
coarse-fraction material is mixed upwards into the Holocene sediments. 
This could result in glacial-age coarse-fraction dates younger than the true 
age for these sediments. The same would be true for the total CaCO3 frac- 
tion dates. The coarse-fraction percentages range from ca 10% in the last 
glacial to ca 40% in the Holocene (Fig 1), for an "abundance" change of 
4.0x. The carbonate percentages range from ca 60% in the last glacial to ca 
90% in the Holocene (Fig 1), for an "abundance" change of 1.5x. The dif- 
ferent magnitudes in abundance change across the glacial-Holocene transi- 
tion will lead to differences in the 14C ages of these two components. 

Using the bioturbation model of Berger and Heath (1968), a 4cm 
mixed layer, a sedimentation rate of 2.40cm/1000 yr and the above-men- 
tioned changes in carbonate and coarse-fraction percentages, the maxi- 
mum model age difference between the two fractions occurs at the transi- 
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Fig 4. Age difference between the bulk (total) carbonate and the >1 50µ fraction AMS 14C 

analyses. Note that for sediments shallower than 35cm (ca 14,000 yr), the bulk fraction is older 
than the > l 50µ fraction, whereas below this depth, the bulk fraction is younger than the 
>150)4 fraction. 
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tion from glacial to Holocene values (ie, Termination 1) and is ca 300 yr. 
However, the model shows the coarse-fraction dates are younger than the 
bulk-carbonate dates at this transition. This result is the opposite of what is 

observed. Even using much thicker mixed layers, we could not duplicate the 
observed age differences between these two sediment components. 

A second possible explanation for these age differences is that there is 

a significant component of reworked detrital carbonate in the fine fraction. 
The source of this material would be eolian dusts from the African conti- 
nent (Prospero, Glaccum & Nees, 1981). Although it is difficult to deter- 
mine quantitatively the detrital vs biogenic carbonate contributions to 
these sediments, we can estimate the detrital contribution from published 
data. Curry and Lohmann (1986) have determined the relationship of wet 
and dry bulk density to carbonate percentage for a series of cores from the 
nearby Sierra Leone Rise (ca 4°N, 21 °W). Using the CaCO3 percentages 
determined for V30-41 K and the equation of Curry and Lohmann (1986) 
we can calculate the wet and dry bulk density for V30-41K. 

Kolla, Biscaye & Hanley (1979) determined the accumulation rates of 
quartz for several Eastern Equatorial Atlantic cores. Core Al 80-73 
(00° 10' N, 23° 0' W) 3749m water depth, is from the same location as V30- 
41 K and has a Holocene quartz accumulation rate of 10mg cm-2 ky-'. The 
quartz accumulation rate for the last glacial was 60mg/cm-2 ky-'. The 
source of this material is wind-blown dusts from the African continent. 
Prospero, Glaccum & Nees (1981) showed that the mineralogy of dusts 
advected from Africa have a quartz/calcite ratio of ca 2.0. This dust compo- 
sition is recorded in French Guiana, Barbados and Dakar, and remains sea- 
sonally little changed. We assume that the quartz/calcite ratio of African 
dusts has not changed between the last glacial and the Holocene. 

Using these measurements, we can calculate that <0.2% of the carbon- 
ate in the Holocene interval of V30-41 K is detrital, and for the last glacial, 
ca 2% is detrital carbonate. Using these estimates of detrital (ie, 14C-dead) 

carbonate and the fact that the >1 50t fraction of these sediments contains 
no detrital carbonate and should thus reflect a more realistic estimate of 
the "true" age of the sediments at each of the dated levels, we cannot rec- 
oncile the magnitude of the observed age differences. Although the effect 
is in the right direction to explain glacial bulk samples older than coarse- 
fraction samples, >20% of the glacial-age carbonate would have to be detri- 
tal in order to explain the observed age differences. 

A third possible explanation is that carbonate dissolution could differ- 
entially affect the 14C age of different size fractions and sediment compo- 
nents. Models have been developed to explain the dissolution effect on 
mixed-layer ages (Sundquist et al, 1977; Broecker & Peng, 1982; Berger & 

Killingley, 1982). If we assume that no dissolution occurred during the 
Holocene, and that the observed downcore variations in carbonate per- 
centage are solely the result of carbonate dissolution (an extreme and 
unrealistic assumption), we can calculate the age of the Holocene mixed 
layer to be ca 1550 yr using the model of Broecker and Peng (1982). This 
age closely agrees with the measured value of 1700 yr (ie, the 2100-yr value 
reported in Table 1 minus the 400-yr ocean reservoir correction). Assum- 
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ing dissolution is the sole contributor to the observed carbonate percent- 
age record, we would calculate a paleo-mixed-layer age for the last glacial as 
ca 75 yr. Thus, dissolution could cause a maximum 1500-yr shift in the age 
of a given horizon but does not explain the age difference between two dif- 
ferent carbonate components from the same horizon. 

We are unable to explain why bulk sediment ages are younger than 
coarse-fraction ages for the Holocene, but older than the coarse-fraction 
ages during the last glacial (Fig 4). We note that Andree et al (1984) 
reported similar results for fine-fraction/coarse-fraction analyses from 
coretop and mid-Holocene levels in a core from the equatorial Pacific. In 
addition, Andree et al (1984) showed a downcore trend of increasing age- 
differences for dissolution-resistant vs dissolution-susceptible foramini- 
feral species similar to that seen for coarse-fraction vs bulk-sediment ages. 
It is impossible at present to evaluate the role of dissolution in explaining 
the data presented here and in Andree et al (1984). 

The data we have obtained from core V30-41 K points out how compli- 
cated even simple and potentially easily explained sedimentary environ- 
ments can be. We suspect that bioturbation, detrital CaCO3, dissolution 
and other factors all play a role in answering the up to 20% age differences 
observed between different components from the same horizon. This study 
was designed to compare the beta-decay and AMS methods of 14C dating 
deep-sea sediments, and not to evaluate the depositional and post-deposi- 
tional processes occurring on the sea floor. However, it is clear that AMS 
studies must be designed to evaluate the role of these processes if we are to 
be able to interpret and understand the deep-sea sediment 14C record. 

CONCLUSIONS 

For chronostratigraphic purposes, there is no unambiguous method 
of determining precisely the "true" 14C age for any horizon within a deep- 
sea-sediment core. Age differences of several thousand years have been 
obtained from different components collected from the same stratigraphic 
horizon. The overall sedimentation rate can be determined quite well with 
AMS and appears to be superior to the beta-decay method from the stand- 
point of sample size and the greater chance of routinely obtaining accurate 
4C dates from the interval 25,000-40,000 BP. Very thin horizons can be 

dated while, at the same time, leaving a substantial portion of the sediment 
from that horizon for other paleoceanographic and sedimentologic studies. 
This method eliminates much of the interpolation that has to be done with 
beta-decay methods where a horizon several cm thick from a core can be 
consumed for a single 14C date. 

On the other hand, the small sample-size requirements of the AMS 
method can cause problems. Inhomogeneities, such as burrows that are 
preserved in the sediment record, become important relative to the 
required sample size. With much larger sample sizes for conventional dat- 
ing, these type of inhomogeneities are averaged and the measured 14C age 
becomes a good approximation of the level dated. 

The great interest in the AMS 14C dating of deep-sea sediments is not 
in obtaining a routine chronostratigraphy, rather it is in using this method 
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for studying in detail the timing and duration of rapidly occurring climatic 
events, climatic lead-lags and regional temporal variability of climatic 
events. It is just these type of studies that must be evaluated very carefully 
before meaningful interpretations can be made. 
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