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Abstract: The tree-ring calibration of radiocarbon dates may provide a chronology for
high-frequency global climatic change. Large (~10 parts per mil) A- 4C excursions in
tree-ring series from North America, Great Britain, and Germany are associated with
brief, 1qtense cold periods throughout the Holocene. The coincidence of cold periods
and A-"4C anomalies first was suggested by deVries (1958) for the Little Ice Age.
Schmidt and Gruhle (1988) have combined dendrochronologic analysi§ and radiocar-
bon dating to demonstrate coincident cool/wet climate and increased ‘ic production
during the Homeric (880-600 BC) and Greek (460-260 BC) minima. Many sites in
western North America record cold/wet climate at this time. Pollen analysis and 5
radiocarbon dates for a 687-cm core provide a detailed chronology of environmental
change for San Joaquin Marsh at the head of Newport Bay, Orange County, California.
Sediment deposition kept pace with sea level rise during the mid-Holocene, but after
4500 years BP, sea water regularly reached the coring site, and salt marsh was the local
vegetation. Brief periods of dominance by fresh-water vegetation 3800, 2800, 2300 and
after FSO years BP correlate global cooling events and (except the 3800-¥2ar BP event)
with 4C production anomalies. The coincidence of climate change and "“C anomalies
support a causﬂ connection with solar variability, but regardless of the causal mecha-
nism(s) the A-'“C curves provide a chronology for global, high-frequency climatic
change comparable to that of Milankovitch cyclicity for longer time scales.

Basis of Radiocarbon Dating

Since its inception in the 1950s (Libby 1955), radiocarbon dating has
been the primary method for dating late Pleistocene and Holocene envi-
ronmental change. A basic tenet of this technique is that the ratio of
14c/12¢ and, therefore, the production of the 14C has remained nearly
constant through time. Unstable 14C isotopes are produced by the
14N(n,p)14C reaction in the upper atmosphere, resulting from cosmic ray
bombardment. Libby’s (1955) preliminary analyses indicated production
of 14C was nearly constant. Subsequent studies have shown a pattern of
exceptions to constant formation.

Tree-Ring Calibration of Radiocarbon Dates

The most detailed examination of changes in the 14C/12C ratio has come
from painstaking radiocarbon dating of tree rings (Stuiver and Pearson
1986: Pearson and Stuiver 1986; Pearson et al 1986; Linick et al 1985;
Stuiver et al 1986; Kromer et al 1986; Linick et al 1986). Carefully aged
tree-ring samples are 14C dated in 20-year, 10-year, or smaller incre-
ments. These meticulous studies, beginning with deVries (1958), show
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the 14C/12C ratio has varied through time and also show the effects of
atomic bomb testing (14C dates too young), the industrial revolution (14C
dates too old), and earlier fluctuations in the 14C/12C ratio. Prior to the
industrial revolution, radiocarbon dates are older than tree-ring ages
from 700-2400 years BP (14C years Before Present) and younger than
tree-ring ages in samples older than 2400 years BP. The 14C fluctuations
are global in extent, and the A-14C curves have been reproduced for
western North America, Great Britain, and Germany (Stuiver and Kra
1986).

Causes of Radiocarbon Anomalies

Several factors affect the 14C/12C ratio, on a variety of time-scales
(Damon et al 1978). The atmospheric concentration of COz2 is known to
vary from 200 to 300 ppmv during glacial/interglacial climatic cycles
(Neftel et al 1982; Barnola et al 1987; Genthon et al 1987) and to vary by
20 ppmv on an annual basis (Keeling et al 1989). Both global biomass
fluctuations and changes in oceanic circulation have been implicated in
atmospheric COz2 oscillations. Because 12¢ is by far the more abundant
isotope, the 14C/12C ratio is less sensitive to COz2 fluctuations in the
atmosphere than to changes in 14¢ production.

The production of 14¢ js modulated by effects of Earth’s magnetic field
and by the solar wind on the rate of cosmic ray bombardment of nitrogen.
A strong geomagnetic field deflects cosmic rays and, therefore, reduces
the rate of 14C production. Geomagnetic modulation probably is respon-
sible for the long-term (tens of millennia) deviation of 14C dates from
tree-ring ages. Stuiver et al (1991) suggested it also could be responsible
for fluctuations on shorter (millennium) time scales.

A strong solar wind (ie, an active sun) also may deflect cosmic rays and
decrease 14C production. Solar activity typica]lZ is implicated in high-fre-
quency (century to decade) changes in the 14¢ /12C ratio (Stuiver and
Braziunas 1988). The timing and magnitude of the A-14C fluctuations
match the record of cosmogenic 19Be in ice cores at high frequencies
(Beer et al 1988), so solar forcing is supported.

Periodicity of Radiocarbon Anomalies and Climatic Change
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Stuiver and Braziunas (1988) and Hood and Jirikowic (1990) have shown
that the high-frequency (centur}r) 14C cycles are similar to one another.
Figure 1 shows correlation of A- 4C values to those of the 2850-2650 BC
anomaly (the “Homeric Minimum”; see below). Note that groups of peak
correlations (p>95%) recur at 2000-3000 year intervals. The pattern
formed by the 14C anomalies is commonly referred to as “Suess wiggles”,
and the periodicities of these variations is close to that of sunspot cycles:
the 200-year cycle (Schove 1955, 1980), the 88-year Gleissberg cycle
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Figure 1. Correlation of A-''C anomalies to the Homeric Minimum.
A.Raw A-'*C determinations. Symbol shapes indicate geographic origin of tree-ring samples: Circle=Suess (1978), Box=Stuiver and Becker (1986),
Triangle=Pearson and Stuiver (1986), Solid Box=Linick et a/ (1985).
B. Raw data smoothed by 10-year Gaussian average.
C. Pearson correlation of a moving 200-year window to 200-year interval during the Homeric Minimum (shaded).

Table 1
Periodicities Resulting from Spectral Analysis of the Tree-Ring Calibration of
14C Dates and Spectral Analysis of Ice Cores and Lake Cores

RADIOCARBON ICE CORE LAKE SEDIMENTS
Sunspot Sonett Sonett Stuiver Damon Houtermans Dansgaard Halfman Anderson
Cycle 1990 1990 eta & Linick etal etal etal 1991
Names MEM DFT 1991 1986 1971 1984 1988
11,300
2241 2272 2014 2400 2350 2000
1200 1300
805 909-649 951-720 800
504 512 600 540
385 444 420
232 229 280
208 207 208 210 181 195 200
149 155-147 160
130-123 100 98
Gleissberg 88 88 88 80 78 78
50-40
Hale 22
Schwabe 11
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(Gleissberg 1958), the 22-year Hale cycle (Schove 1980), and the 11-year
Schwabe cycle (Povince 1983).

The exact lengths of the radiocarbon cycles vary slightly with the mathe-
matical technique used (Sonett 1990), but certain frequencies (eg, 2400,
208, and 88 years) are common to nearly all analyses (Table 1). However,
time series analysis by Thomson (1990), indicates the 2400-year cycle is
categorically different from the shorter cycles (ie, the 208-year cycle).

Climate cycles of lengths similar to those of A-14C series support the
radiocarbon/climate connection. The 2500-year climatic cycle has been
detected in many studies of marine and lacustrine sediment and ice cores
(DeDeckker et al 1991; Shuti and Yujiang 1990; Pestiaux et al 1987;
Starkel 1987; Dansgaard et al 1984; Schnitker 1982; Benoist et al 1982;
Pisias 1983; Pisias et al 1973). Indeed, 2500 years is the fundamental
division of the European Environmental sequence (ie, Blytt-Syrnander
sequence; Iversen 1973). The 208- and 88-year cycles appear in spectral
analysis of varved sediment sequences (Halfman et al 1988; Anderson
1991) and in the Greenland ice core 180/160 record (Dansgaard et al
1971).

Documenting the Radiocarbon/Climate Connection
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The connection between 14C and climate first was postulated by deVries
(1958) and was developed by Suess (1965), Damon (1968), Eddy (1977),
and Stuiver (1965). Suess (1965) and deVries (1958) noted the correspon-
dence between reduced 14C production, colder global climate, and re-
duced solar activity during the Maunder (sunspot) Minimum, AD
1645-1715, when several lines of evidence indicate reduced solar activity
by about 0.1% (Eddy 1976; Lean 1991), and global temperature was ~1°C
less than today (Grove 1988). During the Maunder and other Little Ice
Age sunspot minima (Dalton AD 1805-1835, Sporer AD 1400-1510, and
Wolf AD 1290-1350), the radiocarbon content of the atmos Ehere was ~10
parts per mil greater than background values. Earlier 14C production
maxima correlate with Holocene glacial advances (Eddy 1977). However,
Lamb (1977, Appendix) and Pittock and Shapiro (1982) note the many
failures to use sunspot cycles to forecast climate.

A convincing connection between cool/wet climate and increased 4C
production 750-200 BC has been made by Schmidt and Gruhle (1988)
using climatic reconstructions from and radiocarbon dating of the same
tree-ring series.

Holocene cold periods are difficult to associate conclusively with the brief
(100-year) 14C production anomalies due to the relative imprecision of
dating for sedlmentary sequences. However, the correlation of climate
change and 4C production must be tested. Regardless of the causal
mechanism(s) (solar, climatic, geomagnetic), the A-14C curves provide a
chronology for global, high-frequency climatic change. That is, 10 parts



per mil A-14C excursions are associated with brief, intense cold periods
from throughout the Holocene. Complete understanding of the process
awaits further theoretical development, but development of explanatory
mechanisms must proceed from careful empirical examination of the
relationship between 14C fluctuations and climatic change.

Naming 14c Anomalies

Names given to 14C production anomalies are informal and vary among
authors, but the names are useful because their ages vary slightly among
A-14C records and among authors. Although 14C production increases
during sunspot minima, the positive anomalies are referred to as “Min-
ima” due to the 14C/sunspot correlation made by Eddy (1977) for the
Little Ice Age. Little Ice Age sunspot minima and 14C anomalies are
named for solar astronomers, and early Neoglacial 14C production max-
ima are named for “the general historical period in which the apparent
anomaly falls” (Eddy 1977 p. 183).

Eddy simply numbers minima earlier than 1 AD, but Landscheidt (1987)
names four of these anomalies: Greek (460-260 BC), Homeric (880-600
BC), Egyptian (1400-1200 BC), and Sumarian (3390-3190 BC) minima.
Schmidt and Gruhle (1988) refer to the Homeric and Greek minima
together as the Hallstattzeit (705-200 BC) Minimum (= Hallstatt Period
or Early Iron Age; Brooks 1949 pp. 337-356). The 14¢ anomaly 660-770
AD is called the “Medieval Minimum” by Eddy (1977), but Hood and
Jirikowic (1990) use the same name for the 940-1140 AD anomaly. The
names given to minima in Figure 2 follow Eddy’s (1977) precedence; ie,
Little Ice Age minima are named for astronomers and earlier minima are
named for cultural periods and events.

Late Holocene Climate of California

High-resolution chronologies of climate in California generally record
cold climate during radiocarbon minima, but certain cold periods lack
minima. The analysis of radiolarian assemblages in varved sediments of
the Santa Barbara Basin indicate fluctuations of winter (February) sea
surface temperature by 12°C with cold periods 3850-3750 (no l4c
anomaly), 2830-2550 (Homeric), and 650 (Wolf) years ago (Pisias 1978).
In the Campito Mountain tree-ring chronology (LaMarche, 1978), the
period 2900-2300 years BP (Homeric) is a cold interval with generally
narrow rings. Later, brief periods with very narrow rings occur 1140-1060
(Roman), 560-540 (Sporer), and 340 (Maunder) years BP. Cold climate
during the Little Ice Age and Homeric-Greek 14C minima are well repre-
sented in the California climate record.
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Figure 2.Names for A-''C anomalies of the tree-ring-dated wood samples. Ma=Maunder, Sp=Sporer, Wo=Wolf, Me=Medieval, Ro=Roman, Gr=Green,
Ko=Homeric, Eg=Egyptian, Nd=Noachan deluge, Sm=Sumarian. Symbol shapes as in Figure 1 but without Linick et al (1986) data. Raw
determinations rather than smoothed or averaged values are shown to illustrate the coherence of these determinations, made in different global regions.

San Joaquin Marsh
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Pollen analysis of a coastal California marsh provides confirmation of
climatic change coincident with the radiocarbon production anomalies.
San Joaquin Marsh (33°39'30"N, 117°51°30"W, elev. 2-3 m) is a small (82
ha) biotic preserve 7 km from the Pacific Ocean at Newport Bay, Orange
County, California (Figure 3). The marsh is underlain by clay with occa-
sional peat layers to ~8.5 m and with sand and clay layers to 12 m (Earth
Research Associates 1977). Average annual precipitation at the marsh is
300 mm, with greatest rainfall in January. Mean monthly temperature
ranges from 4°C in January to 29°C in September (Gustafson 1984).

~ Native upland vegetation surrounding the marsh is grassland, with dry

bluffs covered by coastal sage scrub. Freshwater vegetation of the marsh
is dominated by cattails (Typha spp.) and tule (Scirpus californicus), with



willows (Salix sp.) common on dikes. Saline areas of the marsh and
nearby Newport Bay are dominated by members of the Chenopodiaceae,
and marsh rosemary (Limonium californicum) is common (Stevenson and
Emery 1958).
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Figure 3.Map of San Joaquin Marsh area. Coring site indicated by black square; wavy pattern for water level controlled by dikes; dashed lines for San Diego
and Bonita creeks; solid lines for 15-m contours and roads that influence drainage.

25



A 687-cm core was taken from San Joaquin Marsh in February 1989. The
sediment is silty clay alternating with layers of black silty peat. Chro-
nologic control is based on 5 radiocarbon dates, the first occurrence of
the pollen of exotic taxa (AD 1776-1797), and the expansion of aquatic
vegetation resulting from construction of the dikes (AD 1950).

Pollen extraction followed standard techniques for aquatic sediment
(Faegri and Iversen 1975). Samples below 400 cm were filtered (Nytex(R)
3-10/3, 10-micron opening) because they contained much finely divided
organic matter.

Dinoflagellates and the inner tests of foraminifera were recovered in
certain samples. These are used as indicators of salt-water incursions
without specific identification or additional processing of the sediment to
recover calcareous foraminifera remains.

Prehistoric Change of Upland Vegetation

The percentage pollen diagram (Figure 4) is dominated by the “Other
Compositae” and Chenopodiaceae-Amaranthus curves. Prior to ~3000
years BP, Compositae dominates (40-80%), but from ~3000 to 500 years
BP it is supplanted by Chenopodiaceae-Amaranthus (40-70%). Chenopo-
diaceae-Amaranthus pollen is produced by xerophytic and halophytic
plants in and around the marsh. West (1977) records Chenopodiaceae-
Amaranthus up to 60% in halophytic vegetation in the Sacramento Delta
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cal. BP), and Homeric (2830-2550 cal. BP) '“C anomalies, and a cold-wet period (4470-3988 cal. BP) not matching a '"C anomaly.



Discussion

area. “Other Compositae” pollen is produced by many freshwater marsh
plants (Gustafson 1984), but it also is abundant (10-40%) in California
grassland (Adam 1967; Anderson and Davis 1988). Whether the source
is grassland or marsh, a preponderance of Compositae pollen indicates
vegetation more mesic than that characterized by Chenopodiaceae-Ama-
ranthus dominance.

History of Marsh Vegetation

Prior to 4500 years BP, the pollen of sedges (Cyperaceae), lilies (Liliaceae),
cattails (Typha-Sparganium), carrot family (Umbelliferae), and willows
(Sali documents the freshwater status of the marsh (Figure 4). Later, as
sea level neared modern values, halophytic taxa dominated; Chenopodi-
aceae-Amaranthus pollen reaches 68%, and pollen of Limonium, a salt
marsh plant, is present. Marine/estuarine organisms (dinoflagellates
and foraminifera) co-occur with pollen of salt marsh plants, indicating
salt water regularly reached the site.

After salt marsh became generally established, freshwater species in-
vaded briefly while salt water was displaced by increased discharge in the
watershed. These freshwater events are indicated by increased percent-
ages in pollen of freshwater plants Cyperaceae, Liliaceae, and Umbellif-
erae (3800 and 2800 years BP), and by decreases of Chenopodiaceae-
Amaranthus, dinoflagellates, foraminifera, and Limonium (2800, 2300,
and after 560 years BP) (Figure 4). Abrupt increases of Typha-
Sparganium and Salix show the effects of human management since
1950.

The cool/wet periods at about 3800, 2800, 2300, and after 560 years BP,
apparent in both the aquatic and upland vegetation (Figure 4), coincide
with periods of global cooling, and (except the 3800-year-BP event) with
14¢ production maximum. The post-560-year-BP period correlates with
the Little Ice Age, the Matthes advances in the Sierra Nevada (Scuderi
1984, 1987), cooling in the White Mountains (LaMarche 1978), and
reduced sea surface temperatures in the Santa Barbara Basin (Pisias
1978). The match is not exact because Scuderi (1984, 1987) lists four
events in the last 500 years, but only two events (Compositae peaks at
140 and 360 years BP) are recorded at San Joaquin Marsh (Table 2).

The freshwater events at 2800 and 2300 years BP match Recess Peak
advances (Scuderi 1984), but 1850 and 1100 years BP glacial advances
are not recorded at San Joaquin Marsh. The 2800- and 2300-year BP
events appear to be very rapid, large-scale climatic fluctuations. Many
sites in western North America appear to record cold/wet climate at this
time (Table 3). Conifer expansion at low elevation and increased lake
levels were widespread in western North America during the Homeric
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Minimum. The combined tree-ring calibrated age of this cold/wet climate
is 2874-2759 cal BP, closely matching the age (2830-2550) of the l4c
anomaly.

Pisias (1978) estimates sea surface cooling in the Santa Barbara Basin
by 3°C during the Greek Minimum, but samples dating to the Homeric

Table 2
Age of Neoglacial Climatic Events Recorded at San Joaquin Marsh and Elsewhere in California
San Joaguin Marsh Sierra Nevada Mono Lake Delta '‘C
Ycep, Glacial Events High Stands Anomalies
Interpolated Scuderi 1984, 1987 Stine, 1990 Stuiver & Kra, 1986
(Dendro-correcied BP) Tree Ring Dates BP (Dendro-corrected BP) Tree Ring Dates BP
40 — Historic High Stand Historic Minimum
(290 - 0) (97 - 35) 70- 40
137 Matthes Glaciation — Dalton Minimum
(418-0) 134 185 - 155
357 Matthes Glaciation Clover Ranch High Stand Maunder Minimum
(540-0) 334 (375 - 296) 410- 210
— Matthes Glaciation Danberg Beach High Stand Sporer Minimum
474 (550 - 465) 570 - 420
- — Rush Delta High Stand Wolf Minimum
(680 - 605) 745 - 620
— — Post Office High Stand Medieval Minimum
(926 - 786) 1020 - 880
o - — Roman Minimum
1330 - 1130
287 Recess Peak Glaciation — Greek Minimum
(2710 - 2049) 2200 2450 - 2250
2830 — - Homeric Minimum
(3318 - 2749) 2830 - 2550
3787 — Dechambeau Ranch High Stand —
(4470 - 3988) (4025 - 3608)
Table 3
Dates of the “Homeric Minimum” Cold/Wet Period in Western North America
Location Age Reference
Diamond Pond, OR 2700 + 50 years BP Mehringer and Wigand 1986
Rattiesnake Cave, ID 2790 + 250 years BP Davis ot al 1986
Mission Cross Bog, NV 2470 + 100 years BP Thompson 1984
Sevier Lake, UT 2560 + 65 years BP Oviatt 1988
Montezuma Well, AZ 2885 + 50 years BP Shafer 1989
Lake Cahuilla, CA 2630 + 120, 2600 + 120 years BP Waters 1989
Bonfire Shelter, TX 2780 + 110 years BP Bryant 1978

CALIBRATED AGE 2874-2759 cal BP - 925-810 cal BC




Minimum could not be analyzed (a “gray layer” in the core). This cooling
is comparable to Little Ice Age cooling in coastal southern California (3°C,
Koerper et al 1985; 2°C, Pisias 1978).

The magnitude and brief duration of the Homeric, Greek, and Little Ice
Age events makes them intriguing examples of rapid climatic change.
Their correspondence to radiocarbon anomalies suggests a causal
mechanism and permits precise dating of climate change, because the
anomalies are dated by tree-rings (VanGeel and Mook 1989). The extent
of the !4C/climate association appears to be global. The cooling is
recorded throughout western North America (Table 3) and in Europe
(Nesje and Kvamme 1991; 2595+85, 2360+80 years BP), Asia (Grove
1988 p. 318; 2980+150, 2920+100 years BP), and the southern hemi-
sphere (Hope and Petersen 1975; 2930+100, 2470+80 years BP).

Regardless of the causal mechanism(s) (solar, climatic, geomagnetic), the

-14C curves provide a chronology for global, high-frequency climatic
change. Milankovitch cycles have provided a reliable timing mechanism
for climate change on long time scales during the Pleistocene (Hays et al
1976: Martinson et al 1987). The tree-ring chronology of radiocarbon
anomalies can provide a similar function for the Holocene. Theoretical
studies (Stuiver and Braziunas 1988; Hood and Jirikowic 1990) are
needed to understand the causal mechanisms for the 14C/climate asso-
ciation, and precise dating of climatic sequences is needed to confirm the
global nature of the association and to identify any Holocene climatic
fluctuations produced by other forcing functions.
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