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Radiocarbon-dated deltaic sequences of Holocene age from different parts of the world 
began to accumulate within a restricted time range, from about 8500 to 6500 years ago. 
Evaluation of major delta processes indicates that deceleration in sea-level rise was the 
key factor in Holocene delta formation. Within many deltas, there is as much as a 2000- 
year age range between basal deposits in seaward and landward cores. This age difference 
records the progressive landward migration of near mean sea-level depositional environ- 
ments during the lowerto mid-Holocene. Establishment of a chronostratigraphicframework 
for Holocene delta development provides a fundamental global baseline for distinguishing 
sea-level change from vertical land motion by tectonism and isostasy, and for evaluating 
rates of future marine incursion into low-lying deltas. 

Deltas are vital food-producing areas and 
population centers, but as low-lying littoral 
regions they are highly vulnerable to even 
minor changes in sea level, particularly 
because most deltas are actively subsiding 
and their sediment supply has been cur- 
tailed. Moreover, predicted global warming 
mav accelerate sea-level rise. which would 
intensify coastal erosion and loss of agricul- 
tural land to marine incursion (1). To ~, 

implement long-term coastal protection 
measures in these sensitive areas. it is es- 
sential to understand the relation between 
delta development and sea-level change 
during the Holocene. In this report we 
evaluate the timing of the onset of Ho- - 
locene delta formation on a worldwide basis 
and attempt to identify factors that were 
critical in inducing the accumulation of 
these depocenters. 

The formation of modem deltas has been 
attributed to tectonic displacement, isostasy 
(vertical adjustment to sediment, glacial and 
water mass loading), climate, fluvial and 
sediment discharge, drainage basin morphol- 
ogy, tides, and coastal currents (2). Changes 
in sea level have also been recognized as a " 
key factor, particularly in sequence strati- 
graphic studies based on seismic surveys 
along continental margins (3). 

Distinguishing critical factors in the ini- " " 

tiation of delta sequences requires a firm 
chronostratigraphic framework provided by 
radiocarbon-dated cores. Radiocarbon dat- 
ing on the Mississippi delta (4) indicated 
that this depocenter began to form between 
10,000 and 5000 years before the present 
(B.P.) (all ages in our text are in uncor- 
rected radiocarbon years B.P.) . Analysis of 
major modern deltas throughout the mi- 
crotidal Mediterranean Sea revealed that 

these depocenters commenced within a pe- 
riod between 8000 and 6000 years B.P. (5). 
With. a large number of radiocarbon-dated 
cores, chronostratigraphic analysis of the 
basal deposits in the Nile delta of northern 
Egypt confirmed that basal delta deposits 
from this region range in age from -8000 to 
6000 years B.P. (6, 7). 

Moreover, the Nile and other Mediter- 
ranean deltas contain a widemread and 
generally consistent late Pleistocene to Ho- 
locene stratigraphic succession (Fig. 1) 
composed of a basal sequence I of late 
Pleistocene fluvial deposits; an overlying 
sequence I1 of late Pleistocene to early 
Holocene shallow marine transgressive - 
sandy deposits; and an upper sequence I11 of 
Holocene deltaic aggradational to prograda- 
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tional deposits of variable lithologies (8). 
Diastems (depositional hiatuses of brief du- 
ration) separate these three stratal units. 
The distinct transition from sequence I1 to 
I11 is readily recognizable; hence, identifi- 
cation and sampling of basal Holocene del- 
taic deposits is straightforward. Further- 
more, basal sequence I11 deposits are gener- 
ally composed of peat, lagoonal, and other 
organic-rich facies that accumulated at or 
near sea level and are amenable to radio- 
carbon dating (Fig. 1). It is of note that 
sequence I11 is the only deltaic portion of 
the late Pleistocene to Holocene section. 

The consistent -8000 to 6000 year B.P. 
range of basal Holocene delta deposits in 
these major deltas is somewhat puzzling 
because it is widely recognized that the 
interaction of geodesy, tectonics, isostasy, 
and eustasy has produced diverse relative 
sea-level histories along the Mediterranean 
coast (9). To search for common mecha- 
nisms of delta development, we compared 
the times of initiation of Holocene deltas in 
the Mediterranean with other world deltas. 
We surveyed the development of other 
deltas using a computer search of published 
literature (10). From this survey, we iden- 
tified dated basal or near-basal sections in 
36 Holocene deltas (Table 1 and Fig. 2) 
(1 1). Most dated sections are from cores, 
although some dates are from exposed sec- 
tions particularly in those deltas undergoing 
glacial rebound in northern latitudes. 

To get a sense of age ranges among basal 
delta deposits within a delta, we examined 
the age distribution of basal Holocene de- 
posits across the northem Nile delta (12, 
13). The 64 radiocarbon-dated samples 
from basal Holocene sections (sequence 111) 
of the Nile delta (Fig. 3A) are from shallow 
water (shoreface, lagoon, and marsh) to 
beach facies. These ages range from -8500 
to 5500 years B.P.: 46 (or 72%) are grouped 
from 8000 to 6500 years B.P., and 24 of 
these (or 38%) are from 7500 to 7000 years 
B.P. Two age populations are apparent in 
which the base of generally thicker Ho- 
locene core sections along the coast tend to 
be older than that of more landward cores 
(Fig. 3A). This implies that the_ age of basal 
Nile delta deposits are, in large part, deter- 
mined by core location relative to distal sea 
and proximal apex positions. The tendency 
for basal Holocene delta seauences to be 
younger landward has also been docu- 
mented in other maior deltas that have 
been extensively cored and radiocarbon 
dated, such as the Rhine and Yangtze (14, 
15). From this information, we surmised 
that a variation in age of basal deposits by as 
much as 2000 years is to be expected within 
most marine deltas. 

Thus, to evaluate the timing of initia- 
tion of world deltas, we selected the oldest 
radiocarbon age available at or near the 
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dated base of each of the 36 depocenters. 
The ages from basal Holocene sections of 
these deltas (Fig. 3B) range from -8500 to 
5500 years B.P., which is the same as for 
the Nile delta. Moreover, the modal age of 
7500 to 7000 years B.P. for these 36 world 
deltas is the same as for the Nile. However, 
the dates for the world deltas are more 
skewed to older ages than for the Nile 
because we selected the oldest date for each 
of the 36 deltas (Table 1). The set of 
somewhat younger dates (6500 to 5500 
years B.P.) , accounting for 5 of 36 (or 14%) 
of the deltas, probably represents samples 
from more landward sectors of these deltas. 

To determine whether climate and lati- 
tudinal position influenced delta initiation, 
we grouped deltas from the Mediterranean 
(n = 6), other mid-latitude regions (n = 
18), northern (>60") latitudes (n = 4), 
and tropical (between 2 0 3  and 20"N) lat- 
itudes (n = 8) and compared their times of 
initiation (Fig. 3C). Deltas from these four 
regions cannot be daerentiated as to timing 
of origin. Climate, isostasy, tectonism, flu- 
vial and sediment discharge, tides, and 
coastal currents, among other factors, 
which vary considerably from region to 
region, could not have brought about the 
near-simultaneous initiation of most Ho- 
locene deltas. Therefore, we conclude that 
sea-level change is the only process that 
could induce early Holocene delta develop- 
ment on a worldwide basis. Sea-level 
change also explains the tendency for basal 
delta deposits to be younger in a landward 
direction; progressive migration landward 
of near mean sea-level depositional envi- 
ronments occurred primarily in response to 
rising sea level on a gently inclined surface 
(compare 14, 16, 17). 

In contrast to our conclusion, it has 
been proposed that there is no worldwide 
sea-level curve and each region has its own 
sea-level history (9, 18). However, certain 
general late Quaternary sea-level patterns 
are widely recognized. Compilations of 
world sea-level data based on radiocarbon 
dates from both submergent and emergent 
coastlines show that sea level rose rapidly 
between -18,000 and 10,000 years B.P., 
with a notable decrease at -1 1,000 years 
B.P. (1 9). Rates of sea-level rise decelerated 
during the period from 10,000 to 6000 years 
B.P. (20), and sea level approached its 
present stand by -5000 years B.P. (9). 
Sea-level histories from dgerent parts of the 
world difFer substantially for the period 
-6000 to 2000 radiocarbon years B.P. (18). 
Comparison of sea-level histories from di- 
verse latitudinal, climatic, and isostatic and 
tectonic settings reveals that nearly all sea- 
level curves converge at -7000 radiocarbon 
years during a period of deceleration in 
sea-level rise (21), perhaps indicating a 
worldwide geoidal eustatic response at 

-8000 to 7000 years B.P. (Fig. 3D). 
We conclude that deceleration in sea- 

level rise was the key to initiation of deltas 
between -8500 and 6500 years B.P., and 
that Holocene deltaic sequences began to 
accumulate as the rate of fluvial sediment 
input overtook the declining rate of sea- 
level rise along coasts. As determined by 

radiocarbon data, this threshold occurred 
on a worldwide basis within a timespan of 
-2000 years. 

Establishing the direct relation between 
initiation of Holocene deltas and decelera- 
tion of sea-level rise provides a chrono- 
stratigraphic baseline. With this time- 
stratigraphic marker, it is possible to more 

Fig. 2. Map showing positions of the 36 Holocene deltas examined in this study. Pertinent 
information regarding deltas is summarized in Table 1 and in (1 1 ) .  
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Fig. 3. Summary of age data from the 36 Holocene deltas. (A) Age distribution of basal Nile delta 
deposits, differentiating dates from 19 samples collected in lowermost delta plain cores from 45 
samples collected in landward, mid- to lower delta plain cores. (B) Age distribution of oldest dated 
basal Holocene sections from the 36 deltas considered in this study (Table 1); delta positions are 
shown in Fig. 2. (C) Age distribution of basal Holocene sections from the 36 deltas, depicted by 
geographic position. (D) Geoidal-eustatic cycle, as related to core-mantle changes [modified after 
(21)], showing a marked change during the 8000 to 7000 year B.P. period, which closely 
corresponds with initiation of most world deltas examined in this report. Curve converted from 
sidereal to radiocarbon years B.P. [compare with (21)l. 
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Table 1. Listing of oldest published dates (in radiocarbon years B.P.) in basal sections of Holocene 
deltas considered in this report. Dates preceded by ">" symbol record ages from above the very 
base of delta section. Delta positions, as indicated by the code in the first column, are shown in Fig. 
2; reference sources, denoted by the same code, are listed in ( 1 1 ) .  

Code Delta Country Age of (near) basal 
Holocene (years) 

1 McKenzie Canada ~ 6 9 0 0  * i 1 0 
2 British Columbia Canada -8500 

Fjord-Head Deltas 
3a Fraser Canada 7300 ? 130 
3b Fraser Canada 7960 ? 140 
3c Fraser Canada 7650 ? 140 
4 Snohomish USA -7000 
5 Sacramento-San Joaquin USA 6805 ? 650 
6 Rio Grande USA -7000 
7 Central Texas Coast Deltas USA ~ 6 6 7 0  ? 100 
8a Mississippi USA 7240 ? 160 
8b Mississippi USA 7880 5 520 
8c Mississippi USA -6800 
9 Baffin Island (SW) Canada 7285 5 200 

10 Baffin Island (SE) Canada 7100 * 140 
11 Acu Brazil >7020 ? 1 00 
12 Jequitinhonha Brazil 7900 
13 Doce Brazil -7000 
14 Saloum Senegal >6130 ? 130 
15 Ebro Spain 7680 ? 350 
16 Thames Floodplain England 7830 * 11 0 
17a Rhine Netherlands 8000 
17b Rhine Netherlands 7420 ? 150 
18 Alta Norway -7000 
19a Rhone France 7860 ? 110 
19b Rhone France 7200 
20 Po Italy -7000 
2 1 Acheloos Greeqe ~ 5 7 2 0  
22 Gediz Turkey >7150 + 110 
23 Nile Egypt 8140 ? 130 
24 Poti Russia 7900 ? 60 
25 Volga Russia -8500 
26a Tigris-Euphrates Kuwait 5980 
26b Tigris-Euphrates Kuwait 8490 ? 100 
27 Ganges Bengladesh 7060 + 120 
28 Chao Phraya Thailand 7800 ? 40 
29 Mahakam Borneo -7500 
30 Han China >6320 5 240 
31 a Yangtze China 8320 5 170 
31b Yangtze China 7370 + 140 
32 Nobi Japan -6300 
33 Sepik-Ramu Papua, New Guinea > 71 30 + 250 
34 Daly Australia 7540 5 110 
35 Gilbert Australia >6430 ? 120 
36 Georges Australia -7000 

accurately distinguish and measure the in- a1 deltas continue t o  escalate, and as 
fluence o f  other major delta processes, such dependency o n  agricultural product ion 
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"Molecule Corrals" for Studies of 
Monolayer Organic Films 

David L. Patrick, Victor J. Cee, Thomas P. Beebe Jr.* 
Scanning tunneling microscopy (STM) studies have demonstrated that monolayer-deep, 
flat-bottomed, circular etch pits can be grown on highly ordered pyrolytic graphite by 
high-temperature etching in the presence of oxygen. In this work, these graphite etch pits 
are used as "molecule corrals" to isolate ensembles of molecules for study by STM. The 
nucleation of self-assembled molecular'films in the corrals took place by nucleation events 
separate from those leading to self-assembly on the surrounding terrace and allowed the 
measurement of the nucleation rate constant in the corrals. The dependence of the 
nucleation rate for self-assembly on pit size shows that nucleation occurs at open terrace 
sites and that step edges (that is, the corral's perimeter) and confinement inhibit film growth. 

Molecular self-assembly of organic thin 
films on solid surfaces has long been an area 
of interest in fields ranging from materials 
science to biology ( I  ) . Self-assembled films, 
in addition to exhibiting a rich variety of 
scientifically interesting properties, are 
promising candidates for use in a number of 
applications, from chemical sensors to non- 
linear optical devices (2). In this report, we 
describe an investigation of self-assembled 
liquid crystal films on graphite designed to 
study (i) nucleation and growth processes in 
thin molecular films and (ii) the degree of 
interaction between molecules in adiacent 
molecular domains. A new approach, in 
which nanometer-sized "molecule corrals" 
are used to confine molecule ensembles 
within small regions, permits the analysis of 
molecular behavior by statistical methods 
and allows the measurement of several im- 
portant properties difficult or impossible to 
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determine bv other techniaues. We show 
that etch pits offer a practical method for 
confining molecules to small surface regions 
and allow the observation of multiple inde- 
oendent sam~le  domains with STM. Other 
researchers have built corrals atom by atom 
at 4 K to study the properties of confined 
wave functions (3); we use corrals to study 
the behavior of molecules on surfaces. The 
ease with which these corrals can be con- 
structed using standard laboratory apparatus 
makes them appealing for use in a wide 
range of studies. 

The construction.of molecule corrals is 
based on a chemical modification of highly 
oriented pyrolytic graphite (HOPG) that 
occurs when it is heated in the presence of 
0, at -650°C (4). Carbon removal by 
oxidation around preexisting point defects 
results in the creation of monolayer-deep, 
flat-bottomed etch pits with surface densi- 
ties from 1 to 25 CLm-2 (5, 6). Circular etch 
pits with diameters between 50 and 5000 A 
are readilv formed. and their size can be 
accurately' controllkd by varying the heat- 
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Pirazzoli, C. A. Honig, Eds. (Kluwer Academic, 
Boston, 1989), pp. 207-228. 
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ing temperature and time. Noncircular, 
irregularly shaped etch pits can also be 
made by repeated heating at 1000°C in air 
for short (- 15 s) intervals. 

The molecule used, 4'-octyl-+biphenyl- 
earbonitrile (8CB), was chosen because 
many of i ts  bulk and surface properties are 
known from previous studies (7), although 
preliminary experiments on other "systems 
indicate that the use of molecule corrals is 
not limited to this molecule. We applied 
8CB directly to etched HOPG surfaces as a 
neat liquid, in air at a slightly warm room 
temperature of 26" -+ 1°C. At this temper- 
ature, 8CB is a bulk smectic-A phase with a 
thick, honey-like consistency. Each HOPG 
sample was covered with a macroscopic 
thickness of 8CB. The STM tip plunges 
through all intervening layers to image only 
the molecules directly adsorbed to the sub- 
strate (7). 

The STM image in Fig. 1A shows three 
corrals, two of which are 800 A in diameter 
and one that is 1400 A in diameter, on an 
HOPG surface covered with a film of 8CB. 
The closely spaced (38 2 1 A) lines on the 
terrace and in two of the monolayer-deep 
corrals are parallel rows of self-assembled 
molecules adsorbed to th_HOPG surface 
(8). The row structure in a low--resolution 
image like Fig. 1A arises from the niolecular 
details of the unit cell, which are resolved 
in Fig. lB, with an interrow spacing equal 
to pcos (90- 0) , where @ and 0 are defined 
as in Fig. 1B. The image in Fig. 1A was 
taken several hours after the film was ap- 
plied, and self-assembled monolayers had 
formed in two of the three corrals. The 
third corral, which appears empty, was 
likely filled with molecules in a disordered 
state [which cannot be imaged by STM 
because of the relative time scales of their 
thermal motion and image acquisition (9)]. 
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